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ABSTRACT
Synthesis of Stereoregular PolyCalkyl malolactonates ) and
the Application of Poly(6-malic acid) in Drug Delivery Systems
February 1987
Stephen C. Arnold
B.S.
,
New Mexico Institute of Mining and Technology
M.S., Ph.D., University of Massachusetts
Directed by: Professor Robert W. Lenz
Optically pure methyl, ethyl, isopropyl, and benzyl (R)-
malolactonate were prepared from (S)-malic acid in a six step synthesis
and were bulk polymerized using tetraethylammonium benzoate as the
initiator to yield high molecular weight, crystalline polyesters. The
optical purities of methyl and benzyl (R )-malolactonate were determined
by 300 MHz proton NMR spectroscopy of the g-lactone complexed with the
chiral europium shift reagent, EuChfbc)^. Enantiomeric excesses of 100
percent were found.
The bulk polymerizations of alkyl (R )- malolactonates were
heterogeneous because the resulting polyCalkyl (S)-malates] were
insoluble in their monomers. The highest number aver age molecular
weights were ^1 ,000 for polyCmethyl (S)-malate], 20,000 for polyCethyl
(S)-malate], 65,000 for poly[isopropyl (S)-malate], and 73»000 for
polyCbenzyl (S)-malate]. Poly[( S)-B-mal ic acid] was prepared from
VI
1
polyCbenzyl (S)-malate] by the catalytic hydrogenol ysi s of the pendent
benzyl esters. The s tereoregular poly[alkyl ( S) -malates] were also
crystalline with the following final melting points: 1 98*^C (Bz), 182*^C
(H), 156°C (Me). 152^C (Et). and 1 31 °C (iPr).
A copolymer was prepared from ethyl and benzyl (R )-malolactonate
with a copolymer composition of 76 mole % ethyl (S)-malate and 2H mole %
benzyl (S)-malate and with a number average molecular weight of 32,000.
Another copolymer of ethyl (S)-malate and (S)-malic acid was obtained by
the catalytic hydr ogenolysi s of the benzyl esters of poly[ethyl-co-
benzyl (S)-malate].
These ster eoregular polyCalkyl (S)-malates] are interesting new
biomaterials. Since they are crystalline and water insoluble, they
could be used to make sutures, protheses, and other implants that would
eventually biodegrade into (S)-malic acid, an intermediate in the Krebs
cycle, and the corresponding alcohol. Poly[( S)-B-mal ic acid] could be
used as a biodegradable polymeric drug carrier, and copolymers of (S)-
malic acid and its esters could be used in bioerodible drug delivery
systems.
Polyacid-coated liposomes were prepared from
dipalmitoylphosphatidylglycerol and either polyCacrylic acid] or poly[L-
glutamic acid] bearing 5 mole percent pendent cholesteryl esters that
inserted into phospholipid bilayer and anchored the polymer to the
liposome. The absorption of the polymer onto multilamellar liposomes of
dipalmi toylphosphatidylglycerol was detected by high-sensitivity
differential scanning calorimetry and raised the phase transition
viii
temperature of this lipid. These polya cid-coated liposomes could be
used in liposomal drug delivery systems in which an entrapped drug would
be released slowly into the bloodstream, because it would have to
diffuse across a negatively charged, polyacid-coated, phospholipid
bi layer
.
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CHAPTER I
INTRODUCTION
Drug design is a difficult task requiring expertise in chemistry,
biochemistry, biology, medicine, and biomedical engineering, and drug
research is a broad area involving the synthesis and biological
evaluation of new drugs and development of new drug delivery systems.
In the area of drug delivery, polymer chemistry is an integral part of
controlled release technology. Controlled drug delivery has been
developed in response to the shortcomings of conventional drug forms
such as tablets, capsules, and injections.
When a tablet is taken, the concentration of the drug in the
bloodstream may initially rise above the therapeutic range in which the
drug concentration is sufficient to produce the desired therapeutic
effect and into the toxic range where the drug may cause unwanted side
effects like headaches, nausea, and skin rashes. Over the next several
hours, as the drug is metabolized, its concentration in the bloodstream
falls within the therapeutic range, and then, below the therapeutic
range, where the drug is pharmacologically ineffective, and another
tablet must be taken to increase the concentration of the drug. In this
way, the concentration of the drug fluctuates back and forth spending
only about fifty percent of the time in the therapeutic range. On the
1
2other hand, controlled drug release involves the slow release of
biologically active substances in the therapeutic range usually from a
polymer matrix or through a polymer membrane. Controlled drug delivery
eliminates many side effects, because the concentration of the drug
never reaches the toxic level, and it utilizes the drug more efficiently
than conventional methods, because the concentration of the drug falls
within the therapeutic range for eighty to ninety percent of the time
(see Figure 1 ) .
In 1 975, Ringsdorf described a model of a polymeric drug carrier
which is shown in Figure 2(1). A drug is attached to the polymer with
or without a spacer. Both the polymer and the spacer can be either
biostable or biodegradable. The spacer is used to make the bound drug
more accessible to the biological environment. Other molecules or
functional groups can also be incorporated into the polymer to change
its solubility or to transport it to specific cells. In fact, the
coupling of a drug to a polymer may change the toxicity and metabolism
of the drug and may thereby reduce the amount of the drug required for
an effective treatment.
Many polymeric drug carriers have been based on biostable polymers
such as poly(acrylic acid), poly(methacrylic acid), and the alternating
copolymer of divinylether and maleic anhydride (2-7). In general, these
drug delivery systems have been toxic because of the accummulation of
the biostable polymer in the host. This fact has lead to the use of
biodegradable polymers as drug carriers. However, there are very few
polymers that are both biodegradable and functional izable. The
3TOXIC RANGE
Figure 1. Conventional and Controlled Drug Delivery
polymer backbone
solubilizer '
spacer
transport
moiety
Figure 2. Ringsdorf s Model of a Polymeric Drug Carrier
5polypeptides poly(N-hydroxyalkyl-L-glutamlne) and poly(L-glutarai c acid)
have been used as biodegradable drug carriers (8-10). The degradation
product from these polypeptides is L-glutamic acid which is readily
absorbed by normal cells. Clearly, there is a real need to prepare more
biodegradable, functionalizable polymers for biomedical application.
Biodegradable polymers have been used in other kinds of controlled
drug delivery. Poly(glycol ide ) , poly(L-lactide) , and copolymers of
glycol ide and lactide have been used in bioerodible drug delivery
systems in which the polymer matrix is impregnated with an unbound drug
that is slowly released as the polymer swells and degrades into glycolic
and lactic acid (11-12). L-Lactic acid is a natural product of muscle
metabolism and is disposed of by normal pathways after the release of
the drug. In this case, long term toxicity is avoided by building the
polymer matrix from naturally occurring, nontoxic molecules.
In our laboratory, we have been developing biodegradable,
f unctionalizable polymers based on malic acid which is another naturally
occurring compound. The polymers of interest are poly(6-malic acid),
polyCalkyl malates], and copolymers of malic acid and its esters. These
polymers are designed to be practical alternatives to polypeptides and
polylactides in drug delivery applications. In the rest of this
chapter, the synthesis of these polymers is reviewed, and liposomal drug
delivery is discussed with particular emphasis on the absorption of
polymers onto phospholipid vesicle membranes.
A. Synthesis and Polymerization of Racemlc Alkyl Malol aotonates
6 .
\
In 1979, Vert and Lenz first reported the synthesis of amorphous
poly[(R, S)-3-nial ic acid], and Johns continued these investigations and
improved the overall synthesis which is shown in Figure 3 (13-17).
Racemic (R
,
S) -br omosucci ni c acid was converted into its anhydride by
refluxing acetyl chloride. Distilled (R,S)-bromosuccinic anhydride was
reacted with benzyl alcohol to form a mixture of monobenzyl (R,S)-
bromosucclnates
.
This ester mixture was then dissolved in aqueous
sodium bicarbonate and stirred vigorously in the presence of benzene.
One Isomer was converted into racemic benzyl malolactonate by an
internal Sj^2 reaction. The lactonization presumably occurred in the
aqueous solution, and the 8-lactone was extracted into the benzene phase
before it decomposed. The other isomer was recovered by acidification
of the aqueous solution, extraction into ether, and recrystallization
from cyclohexane (18). Purified benzyl malolactonate was bulk
polymerized using a weak base initiator such as tetraethylammoni urn
benzoate. Poly[benzyl (R, S)-malate] was converted into amorphous
polyC(R,S)-B-malic acid] by the catalytic hydrogenolysis of the pendent
benzyl esters without polymer degradation.
Johns found that the bulk polymerization of racemic methyl, ethyl,
and Isopropyl malolactonate monomers with tetraethylammoni urn benzoate
yielded low molecular weight polymers with number average molecular
weights below 5,000 and that the bulk polymerization of racemic benzyl
malolactonate with either tetraethylammoni urn benzoate or trlethylamine
7gave polymers with number average molecular weights between 7,000 and
25,000 (19). It was suggested that low molecular weight polymers were
formed because of chain transfer to monomer, chain termination with
react i ve impur i ti es , or monomer decomposi ti on . Evi dence for chai n
transfer to monomer included the observation of double bond absorptions
in both the proton and carbon- 13 NMR spectra of the polymers. Chain
transfer to monomer would only result in a double bond at one end of
some of the polymer chains, and therefore, the concentration of double
bonds in a polymer sample would be low (except for oligomers) and would
not be observed in the NMR spectra. Consequently, the most convincing
evidence was found in the low molecular weight poly[methyl, ethyl, and
isopropyl (R, S)-malates]. Evidence for chain transfer to reactive
impurities included the correlation of polymer molecular wei^t with
monomer purity for benzyl (R,S)-malolactonate.
The synthesis of polyCbenzyl (R, S)-malate] was repeated in this
study with the results listed in Table 1. The yields and molecular
weights varied from batch to batch which is consistent with the
hypothesis that low molecular weight polymers are formed because of
chain termination with small amounts of reactive impurities, since the
purity of the monomer varied from batch to batch. No double bond
absorptions were observed in the proton and carbon-13 NMR spectra of
these polymers. In fact, sometimes, the crude benzyl malolactonate
polymerized during its distillation, probably initiated by some
impurity. The number average molecular weight of these "thermally"
polymerized polymers was between 3»000 and 5,000.
8 \
P
^0,H X8 CH,COCI PhCH.OH
^
Aco,H reflux ^
Br Br ©
pH« 7
^CO,H (PhCH,) Qq. NoHCO,
^
AcOjCHjPh (h) benzene V-t
Br vigorous etlrrlng COXH.Ph
60'C
60'C r.t.
0
Figure 3. Synthesis of Amorphous
Poly[(R,S)-malic acid]
Table 1
Yields and Molecular Weights of Polyfbenzyl (R,S)-inalate]
Yt ^slJ. J. J. u. 1
1
ww M /M^w n
AftDO yo , UUU 1 . 1
52 18,000 20,000 1.1
54 17,000 19.000 1.1
58 15,000 17.000 1.1
68 13,000 15,000 1.1
74 12,000 13,000 1.1
75 9,000 11,000 1.2
80 7.900 13,000 1.6
81 5,300 6,200 1.2
69 3.900 4,700 1.2
By bulk polymerization at 60 C for 7-15 days using
tetraethylammonium benzoate as the initiator, 100 %
conversion by infrared spectrogcopy, mole ratio of
monomer to initiator of 10-^-10 , polymer insoluble
in 90 It 10 (v/v) methanol and acetone, supematent
cloudy*
^Molecular weights were determined by gel permeation
chromatography using polystyrene standards.
^Narrow molecular weight distributions are probably
caused by fractionation during polymer precipitation.
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In a series of polymer preprints, some of the biological properties
of amorphous poly[(R,S)-e-malic acid] have been reported. Poly[(R,S)-B^
malic acid] was shown to degrade into malic acid under physiological
conditions (20). Poly[(R,S)-B-malic acid] was dissolved in phosphate-
buffered saline pH = 7.5- The molecular weight was monitored by gel
permeation chromatography, and (S)-malic acid was detected by an
enzymatic reaction. The half-life in terms of molecular weight was
determined at three different temperatures (that is, the time required
to reduce the molecular weight by fifty percent). At 50*^C, degradation
was rapid, and the half-life was 10 hours. At 37^C, degradation was
slower, and the half-life was 110 hours. At 25°C, degradation was much
slower, and the half-life was greater than 560 hours. These hydrolysis
data demonstrated two complementary properties of poly[ (R , S )- 3^nial i
c
acid]. Firstly, poly[ (R,S)-"B-malic acid] degraded into its nontoxic
monomer, malic acid, and secondly, poly[(R,S)-B~malic acid] degraded
slowly enough to be used as a biodegradable polymeric drug carrier.
Furthermore, poly[ (R ,S)-e-malic acid] was shown to be relatively
nontoxic and nonantigenic (21,22). In one study, no mice died after
being treated with polyL (R
,
S)-B-mal i c acid] so that no LD50 was
calculated. However, in another study, a LD50 of 3,300 milligrams per
kilogram of body weight was reported. No immune response (antibody
generation) was detected against polyC(R,S)-B-malic acid], although this
observation may be the result of the low molecular weight and the short
exposure time of the polymer.
11
B. Synthesis and Polymerization of Optically Active Alkyl Malolactonates
Two syntheses of optically active polyCbenzyl malolactonate] have
been reported. Wojcik prepared optically active benzyl molalactonate by
the mercury(II) catalyzed lactoni zation of a 6-hydroxy thioester which
is shown in Figure U (23). His benzyl malolactonate was probably
^COSCi8H37
/^COjCHjPh
HO
Figure ^, Mercury(II) Catalyzed Lactoni zation of a-Benzyl
6-Thiostearyl (S)-Malate
of low bulk and optical purity because the lactonlzation reaction was
not clean. His optically active benzyl malolactonate was an unstable
white solid which melted between 35° and 37*^C. Optically pure benzyl
malolactonate is now known to be a colorless liquid (2^*). Furthermore,
the reaction conditions were so harsh (high temperature and excess Lewis
acid) that the benzyl malolactonate would not be expected to survive for
very long (hence a short reaction time). The workup of the
lactonlzation reaction only Involved solvent evaporation and extraction
with ether. This procedure would not have removed the byproduct,
mercury(II) stearyl thiolate, which Is certainly soluble In ether.
2HglOMsl2 -
Na,HP04
^ r—f
CH3CH2CH2CN 1—6
COjCHjPh
20 min.
40-50%
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Mercury(II) iodide is soluble in ether. Consequently, only low
molecular weight polymers with number average molecular weights below
5,000 were obtained, because the purity of the monomer was low.
In another synthesis, Guerin and coworkers prepared optically
active poly[benzyl malolactonate] by the method developed for the
synthesis of polyCbenzyl (R, S)-malolactonate], by using optically active
(S)-bromosuccini c acid which was prepared in high optical purity from
(S)-aspartic acid by a diazotization— nucleophilic substitution reaction
(25). As shown in Figure 5, the mechanism of this reaction involves a
neighboring group effect, an intermediate a-lactone, and two inversions
at the chiral center. It would not be surprising if sane racemization
occurred in this reaction either by the decomposition of the diazonium
salt into a carbocation or by the Sj^2 reaction between the product, (S)-
bromosuccinic acid, and excess sodium bromide. Moreover, Shelton and
coworkers found that the 1 act oni zati on of optically active B-
brcmobutyric acid occurred with 18 percent racemization (26). They
postulated that racemization occurred by the S^^ reaction between the
unreacted, optically active B-broraobutyric acid and the bromide anions
liberated during the lactonization reaction. Consequently, it would not
be surprising if some racemization occurred in the lactonizaion of
optically active benzyl br omosuccinate by the same mechanism. Guerin
and coworkers determined the optical purity of their benzyl
malolactonate by proton NMR spectroscopy using a chiral europium shift
reagent and reported an enantiomeric excess of 80 percent, indicating
that seme racemization had indeed occurred. Low molecular weight
13
Figure 5. Synthesis of (S)-(-)-Bromosuccinic Acid from
(S)-(+)-Aspartic Acid by a Di,azotiation—Nucleophilic
Substitution Reaction
14
polyCbenzyl malolactonate] was prepared from this monomer, M = 6,000,
and the polymer was also crystalline with a melting range between 120^
and 150°C.
In this study, it was possible to prepare highly s tereoregular
polyCalkyl malolactonates] from optically pure monomers by the multistep
synthesis shown in Figure 6. In this scheme, (S)-malic acid was first
converted into its dibenzyl ester to protect the carboxyl groups during
the subsequent mesylation reaction. Dibenzyl (S)-malate was reacted
with mesyl chloride and pyridine to form dibenzyl (S)-O-mesylmalate by a
S^2 displacement reaction at the sulfur atom. Because dibenzyl (S)-0-
mesylmalate contains a sulfur atom, catalytic hydrogenolysis could not
be used to cleave the benzyl ester protecting groups as sulfur poisons
the palladlLin catalyst. Consequently, the benzyl esters were cleaved
with hydrobromic acid in acetic acid to form (S)-O-mesylmalic acid, the
key intermediate product.
( S) -0-Mes ylmal ic acid was converted into its anhydride using
trifluoroacetic anhydride. (S)-O-mesylmalic anhydride was then reacted
with one equivalent of alcohol to form a mixture of monoalkyl (S)-0-
mesylmalates • This ester mixture was dissolved into aqueous sodium
bicarbonate and stirred vigorously in the presence of an organic
solvent. One isomer was converted into optically pure alkyl (R)-
malolactonate by an internal S 2 reaction. The lactonization reaction
n
presumably occurred In the aqueous solution, and the 3-lactone was
extracted into the organic layer before it decomposed. Purified alkyl
(R )-malolactonate monomers were bulk polymerized with tetraethylammoniun
15
^CO,H xs PhCH,OH
^
^CO,CH,Ph MsCI
HO r.flux HO
^J,^^,^
5-C
^CO.CH.Ph HBr ^ ^CO,H X8 (CF,CO),0
^^^iKco,CH.Ph AcOH ocetone
0*C
pH-7
ROH ^ ^0,H (R) oq. WoHCO.
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Figure 6. Synthesis of Stereoregular Poly[alKyl (S)-iiBlates]
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benzoate as the initiator into the corresponding crystalline polyesters.
Optically active poly[( S)-B-mal ic acid] was then prepared from
polyCbenzyl (S)-malate] by the catalytic hydrogenolysis of the pendent
benzyl esters
.
This synthetic strategy resembles that used for the preparation of
racemic alkyl malolactonates except that a mesylate leaving group was
used instead of a bromide. The chiral center only undergoes two
intentional inversions, one during the lactonization and another during
the polymerization, so that polymers of high optical purity were
obtained with the same absolute configuration as the starting material,
malic acid. Although both enantiomers are commerically available, (S)-
malic acid was generally used so that poly[alkyl (S)-malates] were
formed. In drug delivery applications, these polymers would hydrolzye
back to (S)-malic acid which is an intermediate in the Krebs metabolic
cycle. In the next chapter, the synthesis and polymerization of optical
pure alkyl malolactonates are discussed in detail.
^* Liposanal Drug Delivery
Vesicle transportation is an important biological process. Coated
vesi cl es transport material between organelles and between cells.
Vesicles are involved in the endocytosis of foodstuffs (receptor-
mediated endocytosis) and the exocytosis of hormones (storage and
secretion of insulin). Liposomal drug delivery systems try to imitate
this process by encapsulating drugs inside synthetic phospholipid
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vesicles. Liposomal drug delivery has been reviewed (27,28). The basic
idea is to entrap drugs inside vesicles that are designed to slowly
release the drug into the bloodstream (controlled release), or that are
designed to transport the drug to certain cells. In practice, both
kinds of vesicle have been difficult to prepare.
Liposomal drug delivery has several advantages. Liposomes are
nontoxic and biodegradable, because they are composed of naturally
occurring phospholipids. Liposomes are versatile, because their
biological activity can be varied by changing the lipid composition. In
fact, drug targeting is possible by modifying the outer surface of the
liposome so that it is recognized only by certain cells. Liposomes also
have several disadvantages. Liposomes are not always biostable.
Liposanes exchange phospholipids and cholesterol with cell membranes and
with high-density lipoproteins (29-33). They also absorb serum proteins
and platelets (3^-36). The result of these biological interactions is
the destruction of the liposome and the sudden release of the entrapped
material. Biostability and drug leakage are the major problems in
liposomal drug delivery. Moreover, intravenously injected liposomes are
naturally targeted to the reticuloendothelial system in the liver,
spleen, and bone marrow (37). Drug targeting must overcome this natural
liposome tissue distribution.
Polymerized liposomes have been prepared from lipids that undergo
free radical polymerization (^,38). Polymerized liposomes are
mechanically stable and impermeable. Entrapped material does oot leak
out. They are also not biodegradable or nontoxic, and therefore, they
18
are not suitable for drug delivery. However, Regen has recently-
reported the synthesis of polymerized liposomes that are potentially
biodegradable (39,40). The polymerization was based on the thiol-
disulfide redox cycle and was reversible under laboratory conditions.
These vesicles are probably suitable for drug delivery.
Sunamot o has described another met ho d of preparing stable,
biodegradable liposomes. His method involved coating the liposane with
polysaccharrides bearing pendent palmitoyl or cholesteryl substi tut ents
that inserted into the bilayer and anchored the polymer onto the
liposome (41-43). The polysaccharrides were tightly bound to the
1 ipos omes and remained attached after gel f il tration. The coated
liposomes were less permeable and less susceptible to phosphol ipase D
degradation than uncoated liposomes. Furthermore, the polysaccharri de-
coated liposomes had a remarkably different tissue distribution than
conventional liposomes. They accumulated in the spleen and lung.
In this study, cholesterol was chemically bound to polyCacrylic
acid) and poly(L-glutamic acid) using dicyclohexylcarbodiimide as the
coupling agent. Polyacid-coated liposomes were prepared by vortex
agitation of a phospholipid film into a buffered solution of the
polymer. Polymer absorption onto the liposome raised the thermal phase
transition temperature of di palmi toyl phosphat i dylglycerol , and this
interaction was detected by hi gh- sensi ti vi ty differential scanning
calorimetry as discussed in the following chapter.
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CHAPTER II
RESULTS AND DISCUSSION
A. Synthesis of Optically Pure Alkyl Malolactonates
As shown in Figure 7A, ( S)-0-trifluoroacetylmalic anhydride- was
prepared by reacting powdered (S)-malic acid with excess trifluoroacetic
anhydride under an inert atmosphere. The reaction was rapid and
quantitative, and the yield was 85 percent after recrystallization.
However, ( S)-0-trif luoroacetylmalic anhydride could not be used in the
preparation of optically pure alkyl malolactonates, because the
trif 1 uoroacet at e leaving group hydrolyzed instantly in aqueous sodium
bicarbonate before any B-lactone had formed (1). In contrast, the
synthesis of (S)-O-mesylmallc anhydride from (S)-malic acid required
four steps, because the reaction of (S)-malic acid with mesyl chloride
and pyridine yielded a brown mixture of carboxylate and sulfonate esters
instead of the anhydride. Brewster and Ciotti found that mesyl chloride
and pyridine converted acids and alcohols into the corresponding esters
through an Intermediate anhydride (2). The mechanism of this reaction
is shown In Figure 7B, and the probable reaction sequence for (S)-malic
acid is shown in Figure 7C. Obviously, under these reaction conditions,
pyrldinium carboxylates are more nucleophillc than alcohols, and
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Figure 7. Malic AnKydride Derivatives
therefore, they react faster than alcohols with mesyl chloride. On the
other hand, carboxylic acids and alcohols must react with
trifluoroacetic anhydride at comparable rates; otherwise,
trifluoroacetylmal ic anhydride would not have been formed. (S)-Malic
anhydride was the intermediate product which reacted with another
molecule of (S)-malic acid to form oligomers of malic acid. The
terminal hydroxy group of these oligomers was eventually converted into
a mesylate group. Similar results were obtained when tetrahydrof uran
was used as the solvent and/ or when methanesulfoni c anhydride was used
as the mesylating agent.
(S)-O-Mesylmalic acid was prepared from (S)-maliG acid in three
steps. (S) -Malic acid was first converted into its dibenzyl ester to
protect the carboxyl groups during the subsequent mesylation reaction.
The simple acid-catalyzed esterif ication of (S)-malic acid with benzyl
alcohol in benzene was a clean reaction with yields of 85 to 90 percent.
A tenfold excess of benzyl alcohol was used to reduce the self-
esterif ication of (S)-malic acid, and the water formed during the
esterif ication was removed by azeotropic distillation. Sulfuric acid
was found to be the best catalyst. Methanesulfoni c acid and para-
toluenes ul f on i c aci d gave lower yields of dibenzyl (S)-malate.
Spectroscopic evaluation of dibenzyl (S)-malate by infrared, proton NMR,
and carbon- 13 NMR spectroscopy showed that the reaction had occurred
without dehydration— no double bond absorptions were observed in these
spectra.
Nucleophilic Catalysis
Nucleophilic Substitution
^o.cH,Ph
^ cH.so:iQ«^'
/^CO,CH,Ph
y^CO,CH,Ph
,SO,
Figures. Mesyl ati on
of Di benzyl (S)-Malate
Benzyl ester protecting groups were used because they could be
formed without any side reactions. Trimethylsilyl ester protecting
groups could not be formed cleanly, presumably because silylation was
not selective. Both the carboxyl and hydroxy groups of (S)-malic acid
reacted with trimethylchlorosil ane and pyridine at comparable rates.
Although dimethyl (S)-malate is a common chiral starting material in the
synthesis of many naturally occurring compounds, it was not used in the
synthesis of optically pure alkyl malolactonates, because the methyl
ester protecting groups would have to be removed by hydrolysis (3,^).
Hydrolysis of dimethyl (S)-O-mesylmalate under basic conditions would be
followed by elimination, and therefore, fumaric acid would probably be
the major product, and hydrolysis of dimethyl (S)-O-mesylmalate under
acidic conditions would probably require a temperature high enough to
cause the hydrolysis of both the methyl esters and the mesylate.
Finally, tertiary butyl esters were not even considered as possible
protecting groups, because they would probably decompose under the
weakly acidic reaction conditions of mesylation.
Dibenzyl (S)-malate was reacted with 1.2 equivalents of mesyl
chloride and 2.0 equivalents of pyridine in methylene chloride to form
dibenzyl ( S) -0-mesylmalate in nearly quantitative yield by a 3^2
displacement reaction at the sulfur atom as shown in Figure 8 (5).
Pyridine was used as a nucleophilic catalyst and as an acid scavenger.
The mixture of mesyl chloride and pyridine was aged for 15 minutes at
room temperature before the methylene chloride solution of dibenzyl (S)-
malate was added. The color of the mixture changed from yellow to dark
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red during the aging process in which the nucleophilic catalysis
equilibrium was established,
A mesylate leaving group was used instead of a tosylate, because
mesylates would crystallized better than the corresponding tosylates,
making purification by recrystall ization possible, and because the
mixture of monoalkyl (S)-O-mesylmalates would have a higher solubility
in aqueous sodium bicarbonate than the corresponding monoalkyl (S)-0-
tosylmalates in the lactonization reaction. Both of these properties
are the result of the smaller size of the mesylate group. Crossland and
Servis found that when pyridine was replaced by triethylamine in the
raesylation reaction, the mechanism changed. An intermediate sulfene was
formed which reacted with the substrate (6). This method was not used
to prepare dibenzyl (S)-O-mesylmalate, because excess triethylamine must
be used and might cause the formation of dibenzyl fumarate by an E2
elimination.
( S)-0-Me3ylmalic acid was prepared by the debenzylation of dibenzyl
(S)-O-mesylmalate by hydrobronic acid in acetic acid under nonhydrolytic
conditions (7). A 70 percent yield of recrystallized (S)-O-mesylmal ic
acid was obtained in two crops of crystals. The reaction occurred
readily with a twofold excess of hydrobromic acid and without any side
reactions. No acetolysis was observed. The ultraviolet spectra of
dibenzyl (S)-O-mesylmalate and (S)-O-mesylmalic acid are shown in Figure
9A. The disappearance of the phenyl absorption at 258 nm (e « 330 L
mol"^cm~^) after treatment with hydrobromic acid was consistent with the
complete removal of the benzyl ester protecting groups. The weak
3Dlb*niyl S*0-MMylmalaU
THF
ABS
S-0-M«»ylniallc Acid
120 400 am
ABS 1.9
B
^ PelyCbtnzyl 8-inolot«)
200 990 nm
Figure 9. Ultraviolet Spectra of the Debenzylation of
(A) Dibenzyl (S)-Malate and of (B) Polylbenzyl
(S)-inalate]
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mesylate absorption band around 380 nm (e = 1-20 L mol ^ cm ^) was
responsible for the yellow color of the solid mesylate compounds and for
their dark red solutions.
The conversion of (S)-malic acid into ( S)-0-mesylmalic acid was
also carried out successfully without isolating the intermediate
products. The crude dibenzyl (S)-malate was dissolved immediately into
methylene chloride and converted into dibenzyl (S)-O-mesylmalate, and
then, the crude dibenzyl (S)-O-mesylmalate was dissolved into 30 weight
percent hydrobromic acid in acetic acid and converted into (S)-0-
mesylmalic acid. By not isolating the intermediate products, (S)-malic
acid was transformed into (S)-O-mesylmalic acid in four working days and
isolated in 75 percent yield overall.
The catalytic hydrogenolysi s of dibenzyl ( S) -0-mes ylmal at e
proceeded to about 50 percent conversion before the palladium on carbon
catalyst was poisoned. If more palladium on carbon catalyst was added,
it was rapidly deactivated by the reaction mixture. The product was a
mixture of water soluble [(S)-malic acid] and water insoluble [dibenzyl
(S)-malate and monobenzyl ( S)-0-mesylmal ates] compounds. The benzyl
ester protecting groups of dibenzyl (S)-O-mesylmalate were also not
removed by catalytic transfer hydrogenolysis in which the palladium
catalyst is supplied with hydrogen frcra either formic acid or ammonium
formate (8,9)
.
(S)-O-Mesylmalic anhydride was prepared by adding an acetone
solution of ( S) -0 -mes yl mal i c acid into a twofold excess of
trifluoroacetic anhydride at O^C. A 90 percent yield of recrystall ized
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( S)-0-mesylmal ic anhydride was obtained in two crops of crystals. The
monoalkyl (S)-O-mesylmalates were formed by adding one equivalent of
alcohol directly to the crystals of (S)-O-mesylmalic anhydride under an
inert atmosphere. Methanol reacted vigorously with (S)-O-mesylmal ic
anhydride, and the reaction vessel was cooled in an ice bath until the
initial exotherm had subsided to prevent any thermal decomposition. The
viscous, yellow reaction mixture was stirred at room temperature for 6
hours and then at 50^C for 12 hours to drive the alcoholysis to
completion. Ethyl and benzyl alcohol reacted more slowly than methanol
with (S)-O-mesylmalic anhydride, but after 6 hours at room temperature,
both reaction mixtures were viscous yellow liquids, while isopropyl
alcohol reacted very slowly, and after 6 hours at room temperature, some
unreacted crystals of (S)-O-mesylmalic anhydride were still visible In
the reaction mixture. In any case, after the reaction mixtures were
stirred at 50^C for 12 hours, no (S)-O-mesylmalic anhydride was detected
by infrared spectroscopy. These mixtures of monoalkyl (S)-O-mesylmalate
were used in the lactonization reactions without purification.
The alcoholysis of (S)-O-mesylmalic anhydride should yield an
unequal mixture of half esters, because the carbonyl adjacent to the
mesylate group would be activated toward nucleophiles by the electron
withdrawing power of the mesylate group. The proton NMR spectra of the
mixtures of the monomethyl
,
monoethyl , and monoi sopr opyl (S)-0-
mesylmalates were surprising clean and not representative of any half
ester mixture. For example, the mixture of monomethyl (S)-0-
mesylmalates should have two methyl peaks—one for each half ester. Its
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proton NMR spectrum had one large peak at 63.84 and another small peak
at 63. 76 that were assigned to the two methyl esters. Integration of
these two peaks indicated that the mixture was composed of 95 percent of
the a-monomethyl (S)-O-mesylmalate and 5 percent of the B-monomethyl
(S)-O-mesylmalate. Integration of the other mixtures of monoalkyl (S)-
0-mesylmalat es was not possible either because of spin-spin coupling
(ethyl and isopropyl) or because of poor resolution (benzyl). For
comparsion, Johns found that the alcohol ysis of racemic bromosuccinic
anhydride gave a half ester mixture composed of 75 percent of a-
monoalkyl (R, S)-bromosuccinate and 25 percent of 6-monoalkyl (R,S)-
bromosuccinate which is consistent with the lower electron withdrawing
power of the bromine substituent (10,11).
The mixture of monoalkyl (S)-O-mesylmalates was dissolved into
aqueous sodium bicarbonate pH = 7.0-7.5 and stirred vigorously in the
presence of methyl ene chlori de at 35^C for the methyl
,
ethyl , and
isopropyl compounds and in the presence of benzene at 45^C for the
benzyl compound. As shown is Figure 10, the a-monoalkyl (S)-0-
mesylmalate iscmer undergoes an internal reaction, and the B"lactone
is extracted into the organic layer before it decomposes. The reaction
temperature was kept as low as possible so that the side reactions of
decarboxylati ve elimination of the half ester and the hydrolysis of the
6-lactone would not compete favorably with lactonization. This two
phase reaction system yielded relatively pure crude B^lactone monomers,
because many of the Impurities stay in the aqueous solution.
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Figure 10. Lactonization of MonoalRyl (S)-O-Mesylmalates
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The synthesis of optically pure alkyl malolactonates was the first
time that a mesylate was used as the leaving group in the synthesis of a
6-lactone. Table 2 shows the hydrolysis data of some alkyl bromides and
mesylates (12). The mesylates appear to react about one order of
magnitude faster than the bromides in S^2 reactions and about two orders
of magnitude faster in the borderline Sj^1-Sp^2 reactions involving the
isopropyl derivatives. Consequently, the replacement of a bromide with
a mesylate would not affect the rate of lactoni zation considerably.
However, mesylates are much less nucleophilic than bromides, so that
racemization during the lactonization of the monoalkyl (S)-0-
mesylmalates by the S^2 reaction between unreacted monoalkyl (S)-0-
mesylmalate and mesylate anions liberated during the lactonization
reaction would not occur. This simple fact was the main reason why the
synthetic strategy shown in Figure 6 was successful!
Table 2
I
Hydrolyeip Data of Alkyl Bromides and Alkyl
Mesylates 6
Rate Constant, k. X 10 sec
Substrate
MeOMs
AH* kcal/Bol AS* cal/mol ®C 25°C , 50^C
2i.2 -11.7 5.07 84.5
EtOMs 2i.l -12.3 3.94 71.5
nPrOMs 20.7 -14.4 3.05 51.6
iPrOMs 22.1 - 1.3 197 7400
NeBr 23.0 -10.1 0.407 11.1
EtBr 23.4 . 8.9 0.384 10.9
nPrBr 22.1 -13.6 0.280 7.11
iPrBr 24.4 . 1.4 3.82 110
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B. Optical Purity
Lanthanide shift reagents have been used in the elucidation of
complex NMR spectra of organic compounds (13-15). Lanthanide shift
reagents are usually composed of a paramagnetic lanthanide cation and
chelating, enolate ligands. The chelating ligands are necessary to
stabilize the coordination compound so that it can be isolated in high
purity. Organic molecules with weakly basic functional groups can bind
to the lanthanide shift reagent and increase Its coordination number.
The paramagnetic cation changes the local magnetic field around the
binding site and thereby changes the chemical shifts of the nuclei
around the binding site. These induced chemical shifts are caused by
both contact (through bond) and dipolar (through space) interactions
depending on the metal, its charge, and the type of ligand bonding.
Under the rig^t conditions, a meaningless bundle of overlapping NMR
signals is transformed into a well resolved spectrum when a lanthanide
shift reagent Is added.
Prud'homme and coworkers determined the optical purity of B-(l»1-
dichloroethyl)-B-propi ©lactone by proton NMR spectroscopy using a chiral
europium shift reagent (16,17). The same method was used in this study
to determine the optical purities of methyl (R)-malolactonate and benzyl
(R )-malolactonate. As shown in Figure 11 for methyl malolactonate, the
alkyl malolactonates form dlastereomeric coordination compounds with the
chiral europium shift reagent, tris[3-heptafluorobutyryl)-( + )-
camphorato]europium(III) , Eu(hfbc)-. The alkyl malolactonates bind
36
Figure 11. Optical Purity by Proton NMR Spectroscopy
>
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reversibly to the Eu(hfbc)^ at both the beta-lactone and the pendent
ester carbonyls. The enantiomers interact differently with the chiral
europium shift reagent resulting in the separation of their spectra, and
the optical purity of the sample is obtained by the integration of the
appropriate peaks. One enantiomer may have a larger binding constant to
the chiral europium shift reagent and therefore have larger induced
chemical shifts, or the resulting diastereomeric coordination compounds
may have different geometries and therefore different induced chemical
shifts. Since all of these equilibria are fast on the NMR time scale,
the observed NMR spectrum is the average spectrum of the complexed and
uncomplexed enantiomers of alkyl malolactonate. In fact, the observed
NMR spectrum also depends on any variable that affects the equilibria
including the optical purity and concentration of the B-lactone, the
concentration of the chiral europium shift reagent, the solvent and its
moisture content, and the temperature. It is important to use dry
europiim shift reagents and solvents, because water competes with the
substrate for ligand sites on the chiral coordination compounds.
Figure 12 shows the 300 MHz proton NMR spectra of methyl (R)-
malolactonate and benzyl (R )-malolactonate. These two monomers were
chosen for the optical purity experiments, because they both had sharp
singlets in their proton NMR spectra which could be used to determine
the optical purity of the samples without complication due to spin-spin
coupling and overlapping peaks. Methyl (R)-malolactonate had a singlet
at 63.86 for the methyl protons, and benzyl (R )-malolactonate had a
singlet at 65.22 for the methylene protons of the benzyl group. These
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alkyl malolactonates also showed typical ABX spectra for the methylene
and methine protons of the e-lactone ring (18,19)- Methyl (R)-
malolactonate had a doublet of quartets at 63.71 that overlapped with
the singlet of the methyl group for the methylene protons and a quartet
at 6^.89 for the methine proton. Benzyl (R )-malolactonate had a doublet
of quartets at 63- 62 for the methylene protons of the 6-lactone and a
quartet at 6^^-83 for the methine proton. Figure 13 shows the 300 MHz
proton NMR spectrum of methyl mal ol actonate in the presence of
EuChfbc)^. The concentration of methyl malolactonate was 0.32 M, and
the molar ratio of of B-lactone to chiral europium shift reagent was 7.
EuChfbc)^ interacted with racemic methyl malolactonate and split the
methyl singlet into two distinct peaks centered downfield at 64.20 and
separated by 15 Hz, while under the same conditions, the optical active
methyl malolactonate showed no splitting at 64.15. Similarly, Figure 14
shows the 300 MHz proton NMR of benzyl malolactonate in presence of
EuChfbc)^. The concentration of benzyl malolactonate was 0.19 M, and
the molar ratio of B-lactone to chiral europium shift reagent was 4.
EuChfbc)^ Interacted with racemic benzyl malolactonate and split the
methylene singlet of the benzyl group into two distinct peaks centered
downfield at 65. 73 and separated by 30 Hz, while under the same
conditions, the optically active benzyl (R )-malolactonate showed no
splitting at 65.52. Based on these data, the optically active alkyl
(R)-malolactonates were determined to be optically pure within
experimental error. This fact means that the synthetic strategy shown
in Figure 6 not only works chemically, but it also works without
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Figure 12
300 MHz Proton NMR Spectra of (A) methyl (R )-malalactonate and of (B)benzyl (R )-inalolactonate
40
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Figure 13
300 MHz Proton NMR Spectra of Methyl Malolactonate in the presence
the chiral europium shift reagent tri sC 3* (hept af luor obut yr yl ( +
camphorato]europiuin(III) , (A) racemic methyl malolactonate and (
optically active methyl malolactonate under the same conditions.
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Figure 14
300 MHz Proton NMR Spectra of Benzyl Malolactonate in the presence of
the chiral europium shift reagent tri s[3-(heptafluorobutyryl )-(+)-
camphorato]europium(III) . (A) racemic benzyl malolactonate and (B)
optically active benzyl malolactonate under the same conditions.
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Figure 15
300 MHz Proton NMR Spectra of a Mixture of Racemic and Optically
Active Alkyl Malolactonat e in the presence of the chiral europium
shift reagent tri3[3-(heptafluorobutyryl)-(+)-
camphorato]europium(III) . (A) methyl malolact onate and ( B) benzyl
malolactonate.
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racemi zati on. The experimental error was calculated from the
integration error observed for the racemic monomer and was found to be 3
percent. Figure 15 shows the 300 MHz proton NMR spectra of a mixture of
racemic and optically pure methyl malolactonate and a mixture of racemic
and optically pure benzyl malolactonate. In both cases, the intensity
of the upfield signal in the doublet representing the enantiomeric
composition increased and was thereby identified as the (R) enantiomer.
C . Polymerization of Optically Pure Alkyl Malolactonates
3-Propiolactone monomers have been polymerized by anionic,
cationic, and organometall ic initiators (20-29). However, alkyl
malolactonates are the only known B-substituted 6-propiolactones that
are polymerized by anionic initiators (30,31). This reactivity is
related to the mechanism of the polymerization which is shown in Figure
16. Both the initiation and propagation steps are reactions at the
beta carbon atom. With B-alkyl 6-propiolactones, the reaction site is
sterically hindered by the alkyl group, and this steric hinderance is
sufficient to prevent their polymerization by anionic initiators. With
alkyl malolactonates, the carboalkoxy group increases the reactivity of
the monomer enough to offset its steric hinderance and allows their
polymerization by anionic initiators. It is well known that a-
halocarbonyls are often the most reactive substrates in S^2 reactions,
because the charge in the transition state is delocalized into the a-
carbonyl as shown in Figure 17A (32). In this way, the transition state
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is stabilized, the activation energy is reduced, and the reaction is
facile- For example, a-chloroacetone reacted 35,000 times faster with
potassium iodide in acetone than n-butyl chloride (33). Alkyl
malolactonates are similar to a-halocarbonyls: the leaving group is
adjacent to the carbonyl. Hence, the transition state is stabilized,
the activation energy is reduced, and polymerization is possible. Ring
strain energy is also released during the polymerization.
There are important stereoelectronic considerations in S^2
reactions alpha to a carbonyl. For charge to be delocalized into the ot-
carbonyl, the attacking nucleophile must approach the substrate parallel
to the lobes of the it orbital of the a-carbonyl. This configuration
allows for the most orbital overlap and therefore for the most
stabilization in the transition state. Barrett and Trachtenbury found
some evidence for this hypothesis (3^). The reaction in Figure 17B, in
which the iodide must approach in the plane of the ring for backside
displacement and therefore p^^pendicular to the lobes of the ir orbital
of the a-carbonyl, had an activation enthalpy 20 kcal per mole higher
than the reaction in Figure 17C, in which the iodide could approach
parallel to the lobes of the tt orbital of the a-carbonyl. This
conf igurational restraint of a-carbonyl substrates may affect the rate
of ix)lymerization of alkyl malolactonat e monomers (to be discussed
later).
Optically pure alkyl malolactonates were polymerized in the bulk at
60^C using tetraethylanmoniun benzoate as the initiator with the results
listed in Table 3 and Table 4. Tetraethylammoni um benzoate was used
because the initiation reaction was clean, and the resulting benzoate
ester was stable under the polymerization conditions. Triethylamine,
another common anionic initiator, was not used, because the resulting
charged Mannich base might undergo a 3-el imination reaction sometime
during the polymerization reaction and generate two types of propagating
center— a zwitterion and a tri ethyl ammonium carboxylate. The polymers
were isolated in high yields, with high molecular weights, and with
broad molecular weight distributions. The homopolymerizations were
heterogeneous, because the crystalline polyesters were insoluble in
their monomers. Initially, the polymerization mixture was a colorless
liquid. Then, after about fifteen minutes, it became cloudy white and
heterogeneous, and after several hours, it had solidified into a hard,
white plug of polymer. The poly[alkyl (S)-malates] were isolated by
crushing the plug of polymer into small pieces with a hammer, dissolving
those pieces in refluxing dioxane, and adding the resulting solution
dropwise into a tenfold excess of 50::50 (v/v) ether and hexane for the
methyl, ethyl, and isopropyl polymers and into a tenfold excess of ether
for the benzyl polymer with stirring. The poly[alkyl (S)-malates] were
isolated as fine white powders by suction filtration, washed with ether,
and dried in vacuo. The molecular weights were higher than those
previously obtained from the polymerization of raceraic alkyl
malolactonates (35, 36) . One of the polymerizations of benzyl (R )-
malolactonate had a low yield of 60 percent, because the polymerization
tube was overfilled and cracked during the polymerization reaction,
presumably under the pressure created by the volume expansion
INITIATION
Figure 16. Anionic Polymerization Mechanism of
AlKyl (R)*Ma1olactonates
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A
AH =10.2 k"'/mol
Figure 17. Stereoelectronlc Considerations in Nucleophilic
Substitution Reactions Alpha to a Carbonyl
*
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Table 3
Yields and Molecular Weights of the Poly[alkyl (S)-malates]
Alkyl Group, R
a
Polymer
Yield
n w
M /M^
w n
Me 89 % 17,000 29,000 1 .7
Me 97 41 ,000 ill ,000 2.0
Me 91 29,000 59,000 2.0
Et 82 20,000 39,000 1 .9
Et 92 li^,000 35,000 2.5
Et 85 20,000 38,000 1.9
iPr 82 43,000 85,000 2.0
IPr 82 65,000 130,000 2.0
iPr 83 43,000 110,000 2.6
Bz 85 13»000 21 ,000 1.6
Bz 90 40,000 92,000 2,3
Bz 60 61.000 180,000 2.9
Bz 89 42 ,000 110,000 2.6
Bz(R)^ 75 56,000 110,000 2.0
Bz(R) 94 73.000 160,000 2.2
Et/Bz 83 32,000 72,000 2.2
Et/H 10,000 18,000 1.8
By bulk polymerization at 60 C for 5-7 days using te traethylammonium
benzoate as the Initiator, 100 % conversign by infrared spectroscopy,
mole ratio of monomer to initiator of 10-10
.
'^Molecular weights were determined by GPC using polystyrene standards.
°(R) configuration in the polymer.
Table 4
Specific Rotations of Alkyl ( R) -Malolactonates
and Poly[ alkyl (S)-malate3]
Alkyl (R)-Malolactonate Poly[ alkyl (S)-malate]
Alkyl Group, R [a]jj Temperature [a]^ Teii5>erature
Me S.S^ 28°C -le.?""^ 32^C
Et ^2.9 26 -19.0 ^ 32
iPr 3.9 25 -22.8 ^ 32
Bz 8.2 25 5-7 ^ 29
Measured in tetrahydrofuran at a concentration of 0.10 g/mL.
'Measured in chloroforn at a concentration of 0.100 g/mL.
'Measured in N-methyl pyrrolidinone at a concentration of 0.10 g/mL.
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accompanying the polymerization of benzyl (R )-malolactonate.
The copol ymeri zati on of ethyl and benzyl (R )-malolactonate
appeared to be homogeneous, because the reaction mixture remained
transparent during the copolymeri zation. A high molecular weight
copolymer was obtained which suggests that the heterogeneous nature of
the homopolymeri zations was not responsible for the higher molecular
weight polymers obtained in this study. Most likely, the absence of
some reactive impurities, because of the use of a new synthetic route,
or an increase in the rate of polymerization, because of some favorable
stereoelectroni c interactions between the propagating center and the
optically pure monomer, was responsible for the higher molecular weight
polymers obtained.
The latter hypothesis relates back to the conf igurational
requirements on a-carbonyl substrates in reactions. It claims that
the rate of polymerization of optically pure alkyl malolactonates may be
higher than the rate of polymerization of raceraic alkyl malolactonates.
In the polymerization of optically pure alkyl (R )-malolactonates, the
propagating center always has the opposite (S) configuration as depicted
below.
SSSSS + R ^ ssssss
Only one rate constant is necessary. In constrast, the polymerization
of racemic alkyl malolactonates can be considered as the
55
copolymerlzation of the two enantiomers. and therefore, assuming no
penultimate effects, three different propagation reactions are possible
with three different rate constants as shown below.
SRRSRS + S >SRRSRSS !<._ = kSS RR
^SR
SRRSRS + R > SRRSRSR k ^ kSR ^ ^RS
^RS
RSSRSR + S > RSSRSRS
^R
RSSRSR + R > RSSRSRR
Clearly, the rates of polymerization are different, but whether the rate
of polymerization of optically pure alkyl malolactonates is higher than
the rate of polymerization of racemic alkyl malolactonates is not known.
The absolute configuration of the propagating center and perhaps of the
penultimate group may affect the geometry of the transition state of the
polymerization reaction and thereby affect the amount of charge
delocal ization into the carbonyl of the pendent alkyl ester.
The polymerization of optically pure alkyl (R )-malolactonate formed
i sot act i c polymers, while the polymerization of racemic alkyl
malolactonates formed atactic polymers. This difference in tacticity
was not observed in the carbon-13 NMR spectra of polyCbenzyl (S)-malate]
and polyCbenzyl (R,S)-malate]; the spectra were identical. In contrast.
dyad tacticity has been observed in some atactic pel y[ B-al kyl- B
-
pr opi olactones] by carbon-13 NMR spectroscopy (37). However, the
difference in tacticity was evident in the proton NMR spectra of the two
polymers. As shown in Figure 18, the atactic poly[benzyl (R, S)-malate]
showed only broad singlets, while the isotactic poly[benzyl (S)-malate]
showed a typical ABX spectrum for the methylene (multiplet) and methine
(quartet) protons of the polymer backbone.
The other polyCalkyl malates] showed the same tacticity effects in
their proton NMR spectra. Atactic polymers had broad, overlapping
signals (10), and isotactic polymers had sharp absorptions with all of
the expected spin-spin coupling patterns (38). The most Interesting
case was polyCisopropyl malate] because the methyl groups of the pendent
1 sopr opyl es t er ar e di as t er eot opi c and t her ef ore magn et i call
y
nonequi val ent . Consequently, stereoregular polyCisopropyl (S)-malate]
had a triplet at 61.25 (J = 6 Hz) for these diastereotopic methyl
groups, while atactic polyCisopropyl (R, S)-malate] had a broad doublet.
The atactic structure must have caused enough chemical shift anisotropy
in the pendent isopropyl esters to obscure the diastereotopic splitting
pattern. It was also interesting to note that isopropyl (R)-
malolactonate had a doublet of doublets at 61.31 (J » 3 Hz) for the
diastereotopic methyl groups which moved upf ield and overlapped into a
1::2::1 triplet in polyCisopropyl (S)-malate]. The diastereotopic
methyl groups were also evident in the carbon-13 NMR spectrum of
polyCisopropyl (S)-malate]. The methyl absorption at 621.6 was a
doublet with A6 - 12 Hz.
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Figure 18
300 MHz Proton NMR Spectra of (A) polyCbenzyl (R, S)-malate] and (B)
polyCbenzyl (S)-malate] both polymerized by t etraethyl ammoni urn
benzoate in the bulk at 60 C.
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Poly[( S)-e-malic acid] was prepared from poly[benzyl (S)-malate] by
the catalytic hydrogenolysis of the pendent benzyl esters. The only
problem that was encountered was the insolubility of poly[benzyl (S)-
malate] in common organic solvents at room temperature. Heating was
always necessary to dissolve the polymer. Usually, upon cooling, the
poly[benzyl (S)-malate] crystallized out of solution. N-Methyl
pyrrol idi none was the only solvent that kept appreciable amounts of the
polymer in solution at room temperature after cooling.
The hydrogenolysis was carried out in N-methyl pyrrol idinone at
40*^0. The crude poly[(S)-B-malic acid] was isolated as a white powder
by precipitation into ether, but it still contained some N-methyl
pyrrol idinone which was difficult to remove completely. The crude
polymer was washed for hours with ether in a Soxhlet extractor, and
then, reprecipi tated from a methanol solution into ether. This workup
procedure gave relatively pure poly[( S)-6-nialic acid], in about 60-65
percent yield. The ultraviolet spectra of poly[benzyl (S)-malate] and
polyC(S)-e-malic acid] are shown in Figure 9B. The disappearance of the
phenyl absorption at 260 nm is consistent with the complete removal of
the benzyl ester protecting groups. The infrared spectrum of poly[(S)-
B-malic acid] showed a carbonyl stretch at 1600 cm ^ which is more
characteristic of a carboxylate than a carboxylic acid. Inter- and
intrachain hydrogen bonding may be responsible for this observation.
The infrared sp)ectriin of the copolymer of ethyl (S)-malate and (S)-malic
acid also showed a carbonyl stretch at 1600 ^ cm for the (S)-malic acid
repeat unit. Poly[(S)-3-malic acid] can be used as a biodegradable
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polymeric drug carrier. Drugs can be chemically bound to the polymer by
pendent ester and amide bonds and then slowly released in the biological
environment as the polymer degrades into (S)-malic acid which is an
intermediate in the Krebs cycle.
D. Copolymerization of Ethyl and Benzyl (R )-Mal ol actonat
e
Ethyl and benzyl (R )-malolactonate were copolymeri zed in the bulk
at 60^C using tetraethylammoni urn benzoate as the initiator. The monomer
feed composition was 80 mole percent ethyl (R)-malolaGtonate and 20 mole
percent benzyl (R )-mal ol act onat e . As previously mentioned, the
copolymerization was homogeneous, and the copolymer was isolated in 83
percent yield. The copolymer was a rubbery material and was readily
converted into a copolymer of ethyl (S)-malate and (S)-malic acid by
catalytic hydrogenolysi s of the benzyl esters in a mixture of ethyl
acetate and 95? ethanol. Figure 19 shows the 300 MHz proton NMR spectra
of poly[ethyl-co-benzyl (S)-malate] and poly[ethyl (S)-malate-co- (S)-
malic acid]. The spectrum of poly[ethyl-co-benzyl (S)-malate] showed
only broad singlets indicating a random distribution of monomer units.
Integration of the methylene peaks of the pendent ethyl and benzyl ester
groups showed that the copolymer composition was 76 mole percent ethyl
(S)-malate and 24 mole percent benzyl (S)-malate which is within ^
percent of the monomer feed composition. In contrast, the spectrum of
polyCethyl (S)-malate-co-(S)-mallc acid] showed the expected spin-spin
coupling pattern In the pendent ethyl ester signals, and the coupling
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Figure 19
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constants were almost the same as those in the homopolymer poly[ethyl
(S)-malate]. Obviously, the benzyl (S)-malate repeat units in the
copolymer created enough chemical shift anisotropy in the ethyl (S)-
malate repeat units to obscure the spin-spin coupling pattern of the
pendent ethyl ester signals, while the (S)-malic acid repeat units in
the copolymer did not perturb the local magnetic field of the pendent
ethyl esters very much.
Figure 20 shows the carbon-13 NMR spectra of poly[ethyl-co-benzyl
(S)-malate] and poly[ethyl (S)-malate-co-(S)-malic acid]. The copolymer
composition of poly[ethyl-co-benzyl (S)-malate] was detectable in the
carbonyl part of the spectrum which showed three peaks. The peaks were
asigned with reference to the homopolyraers and were separated by only
0.30 ppm. The copolymer composition of polyCethyl (S)-malate-co-(S)-
malic acid] was not detectable in the carbonyl region of the spectrum
which showed only one broad peak. These spectra show that the carbonyl
region is sometimes sensitive to the copolymer composition.
The copolymer of ethyl (S)-malate and (S)-mallc acid is an
interesting new biomaterial. It could be used in bioerodible drug
delivery systems in which the drug is bound to the polymer matrix
instead of being simply embedded in the polymer matrix. In this way,
the drug could be released over a longer period of time. Figure 21
shows how this new kind of bioerodible drug delivery system would work.
The copolymer matrix would eventually degrade into ethanol and (S)-malic
acid. The (S)-malic acid would be absorbed by the host in the Krebs
metabolic pathway.
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Figure 20
ra of (A)
and (B) polyCethyl (S)-malate-co-(S)-malic acid]
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E. Thermal Analysis
The stereoregular poly[alkyl (S)-malates] were all crystalline
polyesters, and their thermal properties are shown in Table 5. Only
poly[(S)-B-malic acid] decomposed on melting. The melting points of
these polymers depended on the alkyl group in the following order Bz> H>
Me''Et> iPr, and the enthalpies of fusion also depended on the alkyl
group Bz> Et> Me> iPr. The most dramatic changes occurred with the
bulky isopropyl group which must not pack well into the crystalline
lattice of the polymer.
Figure 22 shows the DSC thermograms of polyCbenzyl (S)-malate].
The first heating scan only showed a sharp melting transition between
198-173*^C. After being cooled rapidly fron the melt, the second heating
scan showed a glass transition temperature of 40*^C and a
recrystallization exotherm at 113°C. Obviously, polyCbenzyl (S)-malate]
was quenched into an amorphous state that was able to recrystallize upon
heating. The first heating scans of the other polyCalkyl (S)-malates]
also showed sharp melting transitions of the same shape as poly[benzyl
(S)-malate]. However, after being cooled rapidly from the melt,
polyCmethyl (S)-malate] and polyCethyl (S)-malate] melted with lower
enthalpies of fusion, and polyC isopropyl (S)-malate] was amorphous. No
recrystallization exotherms were observed on the second heating scans.
These data indicate that the polyCalkyl (S)-malates] were isolated in a
highly crystalline form by precipitation.
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Table 5
Thermal Analysis of the Poly[alkyl (S)-inalate3]^
Alkyl Group, R
H
Me
Et
IPr
Bz
Melting Range (peak),
182-1^17 (168) d
156-119 (150)
152-122 (in?)
131-97 (123)
198-173 (190)
Enthalpy of Fusion,
cal/g
9 (/- 1)
11
5
13
The melting transitions were obtained on the first heating scan and
were independent of the molecular weight of the polymer.
Figure 22. DSC Thermogram of Polylbenzyl (S)-malateJ
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Grenier and Prud'homme have reported that a racemic mixture of
enantiomeri c polyCot-methyl-a-ethyl-B-propiol act ones] formed a
s ter eo com pi ex that melted at a higher temperature and had larger
spherulites than the enantiomeri call y pure polyesters (39). Some of
their data is shown in Figure 23. Both poly[(R )-a-methyl-a-ethyl-6-
propiolactone] and poly[( S)-a-methyl-B-ethyl-B-propiolactone] melted at
15^*^0, while a racemic mixture of these s ter copolymers melted at 202*^0
wi th the sam e ent hal py of f us i on as the enant i omer i cal 1 y pure
polyesters. In this study, a racemic mixture of enantiomeric
polyCbenzyl raalates] was formed which melted at a lower temperature and
with a lower enthalpy of fusion than the enanticmerically pure polymers
after annealing. Poly[benzyl (S)-malate] was prepared from (S)-malic
acid, and polyCbenzyl (R)-malate] was prepared from (R)-malic acid. A
r acemi c mi xt ur e of thes e s ter eopol ymer s was formed ei ther by
precipitaion from a hot chloroform solution into ether or by solution
evaporation. The DSC thermograms of the racemic mixture of enantiomeric
polyCbenzyl malates] are shown in Figure and the corresponding
thermal data are listed in Table 6. Both polyCbenzyl (R)-malate] and
polyCbenzyl (S)-malate] melted around 197*^C, while a racemic mixture of
these stereopolymers melted around 182^C with about three fifths of the
enthalpy of fusion as the enant i omer i call y pure polyesters.
In the first case, the enantiomeric polymer chains of polyCa-
methyl-a-ethyl-B-propiolactone] obviously packed better with chains of
the opposite absolute configuration than with chains of the same
absolute configuration. Consequently, the racemic mixture of the
TABLBI
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Figure 23. Thermal Data of Polyi<-inethyl-H-ethyl-f-
propiolactone]. Taken from J. Polym. Sci
Polym. Rhys. Ed. 22 577 (1984).
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gure 24. DSC Thermograms of a Racemic Mixture of
Poly[benzyl (S)-malate] and Poly[benzyl (R)-malate]
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Table 6
Poly[ benzyl malate]
(R.S)
(S) (R) 1 St 2nd 3rd
n
^40,000 56,000
w
92,000 110,000
r i29 bCa]p -5.6° 0°
AT 198-173 **C 195-175* 1 93-1 62* 187-157** 182-150*
T(inax) 190 °C 188 185 177
AH 13(*/- 1)
cal/g
12 13 13 7.8
^Molecular weights were determined by GPC using polystyrene standards.
*^Measured in N-methyl pyrrolidinone at a concentration of 0.10 g/mL.
^First heating.
^Second heating after being held at 200 for 5 minutes and cooled
rapidly.
®Third heating after being held at 200 for 5 minutes, annealed at 150
for 5 minutes, and cooled rapidly.
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stereopolymers packed into a more highly ordered crystalline lattice and
melted at a higher temperature. This behavior is common with low
molecular weight compounds like malic acid. Racemic malic acid melts at
120*^C
,
while (S)-malic acid melts at 100*^C (40). In the second case,
the enantiomeric polymer chains of poly[benzyl malate] packed better
with chains of the same absolute configuration than with chains of the
opposite CO nfiguration so that the racemic mixture of these
stereopolymers packed into a less highly ordered crystalline lattice and
melted at a lower temperature with a lower enthalpy of fusion.
F. Pol ya old-Coated Liposomes
Polyacid-coated liposomes were prepared from polyacids bearing
pendent cholesteryl esters which inserted into the lipid bilayer and
anchored the polymer onto the surface of the liposome as shown below in
Figure 25.
Figure 25. Pol yacid-Coated Liposomes
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The structure of these pol yaci d-coated liposomes would be expected to
depend on the phospholipid, the polyacid and its molecular weight, the
pH and ionic strength of the solution, and the number of cholesteryl
anchors on the polymer chain. In this preliminary study, two
phospholipids, dipalmitoylphosphatidylglycerol (DPPG) and
dipalmitoylphosphatidylcholine (DPPC), and two polyacids, polyCacrylic
acid] (PAA) and polyCL-glutamic acid] (PLGA), were used to determine the
conditions necessary for polymer absorption onto phospholipid vesicle
membranes. Figure 26 shows the chemical structure of these compounds.
DPPG is a negatively charged lipid that can act as a hydrogen bond donor
and acceptor with respect to an absorbed polymer, and DPPC is a
zwitterionic lipid that can only act as a hydrogen bond acceptor. PAA
was prepared by the free radical polymerization of acrylic acid in a 20
weight percent solution of dioxane at 6o'^C using azobisisobutyroni trile
as the initiator. The molecular weight was cont rolled by the
concentration of the initiator and the addition of butanethiol, PAA was
atactic with an unknown amount of chain branching. In contrast, PLGA
was prepared by the debenzylation of poly[Y-benzyl L-glutamate] and was
a stereoregular , linear polyaraide.
As shown in Figure 27, cholesterol was chemically bound to these
polyacids using dicyclohexylcarbodiimide as the coupling agent and M-
dimethylaminopyridine as the nucleophilic catalyst in dimethylf ormami de
solution. The coupling reaction was rapid and clean. After 12-2^*
hours, the reaction mixture was chilled, and the byproduct,
dicyclohexylurea, was removed by suction filtration. The polymers were
DPPG
OH
OH
o
0=P-0 NH4
o
o
o=c c=o
DPPC
NMe.
o
0=p-0
I
o
ft
o=c c=o
OIPALHITOYLPHOSPHATIDYLQLVCCnOL DIPALMITOYLPHOSPHATIDYLCHOLINE
CO2H H
C02H
polylacrylic acldl polylL-glutamic acid)
Figure 26. Structures of the Phospholipids and Polyacids
COjH
xs cholesterol
DCC ^ ^
DMAP{cat) CO^H
DMF
r.t.
Figure 27. Coupling Cholesterol
to Polymers
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isolated by precipitation into chloroform to remove the excess
cholesterol and then by precipitation into ether. The final product
contained no free cholesterol as determined by thin layer
chromatography.
Multilamellar polyacid-coated liposomes were prepared by mixing a
dry lipid film into a buffered polymer solution. The concentration of
both the phospholipid and the polymer was 1 mg/mL. The temperature of
the lipid suspension was 55°C which is above the phase transition
temperature (to be discussed in the next section) of both DPPG and DPPC.
The mechanism of the formation of polyacid-coated liposomes is not
known in any detail, but it must involve the interaction of polymer
coils in aqueous solution with a lipid film. Consequently, the
conformation of the polymer in solution probably affects the structure
of the resulting polyacid-coated liposomes. Aqueous solutions of the
polyacids with pendent cholesteryl esters were sudsy, indicating that
the polymers might be micellar. The ultraviolet spectrum of sudan red,
a water insoluble dye, in absolute ethanol is shown is Figure 28A.
Sudan red had an absorption at 520 nm which could be used to detect the
solubl izat i on of the dye in aqueous polymer solutions without
overlapping with the carbonyl absorption bands of the polymer. As shown
in Figure 28B, 0.10 M solutions of PAA with 5 and 15 mole percent
pendent cholesteryl esters solubilized sudan red, as detected by an
absorption at 550 nm and by the red color of their solutions, while PAA
did not dissolve any sudan red. The pH of these polymer solutions was
The polymers with pendent cholesteryl esters were prepared from
Figure 28. Solubilization of Sudan Red In Aqueous Polymer
Solutions
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the same batch of PAA which had a number average molecular weight of
50,000, Obviously, the poly(acrylic acid)s with pendent cholesteryl
esters were micellar with the dye dissolving into the hydrophobic
domains of the polymer coil. Similar results were obtained at neutral
pH where the carboxyl groups were almost completely ionized, although
the absorptions at 550 nm were reduced. In contrast, neither PLGA nor
PLGA with 5 mole percent pendent cholesteryl esters dissolved any sudan
red at neutral pH.
Both PAA and PLGA undergo pH dependent conformational changes in
aqueous solution. The polymer coil of PAA expands slowly between pH = 2
and pH « *l as the carboxyl groups are neutralized (^1). PLGA undergoes
a sharp helix-coil transition between pH = 5 and pH = 6 depending on the
ionic strength of the solution. These conformational transitions were
certainly modified by the pendent cholesteryl esters, but since they
were far away from the physiological pH range in which the polyacid-
coated liposomes were studied, they were ignored in the interpretation
of the DSC thermograms of the polyacid-coated liposomes discussed in the
next section.
G. Hlgh-Sensltivity Differental Spanning Calcrlmetry
A s us pens i on of mul til amell ar phospholipid vesides is
characterized by a highly cooperative, reversible, thermal phase
transition which is readily detected by high-sensitivity differential
scanning calorimetry (^3-^5). As shown in Figure 29, it is a gel to
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liquid crystalline phase transition, and it is accompanied by a lateral
expansion and a decrease in the thickness of the bilayer. The phase
transition temperature of both DPPG and DPPC is 41°C. In the
preparation of lipid suspensions, the temperature must be above the
phase transition temperature of the phospholipid, because the lipid
molecules can only reassemble into multilamellar vesicles when they are
in the liquid crystalline phase where they have lateral mobility.
Cholesterol affects the thermal phase transition of phospholipids
(43-^6). The addition of cholesterol to the membrane usually changes
the phase transition temperature, broadens the melting endotherm, and
reduces the enthalpy of fusion. At high cholesterol levels, the thermal
phase transition disappears completely. Consequently, if the pendent
cholesteryl esters are able to insert into the phospholipid bilayer and
anchor the polyacid onto the liposome, the phase transition temperature
should change, the melting endotherm should broaden, and the enthalpy of
fusion should decrease, neglecting any polymer-lipid interactions that
would certainly occur. A possible structure of a polyacid-coated
membrane is shown in Figure 30. The polyacid could hydrogen bond to the
polar head groups on the surface of the liposome and/or could be
incorporated into the bilayer. Clearly, high- sensitivity differential
scanning calorimetry is a priori an ideal technique to detect the
absorption of polyacids with pendent cholesteryl esters onto
phospholipid vesicle membranes.
Cholesterol also controls the fluidity and therefore the
permeability of the lipid bilayer (il3-46). Cholesterol increases the
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Figure 29. DSC Thermogram of Phospholipid Vesicle Membranes
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fluidity of the membrane below the phase transition temperature by
preventing the crystallization of the hydrocarbon chains into a rigid
gel and decreases the fluidity of the membrane above the phase
transition temperature by reducing the mobility of the hydrocarbon
chains. Consequently, the pendent cholesteryl anchors of an absorbed
polymer could modify the permeability of the membrane. Moreover, in
liposomal drug delivery applications, the absorbed polyacid could make
the membrane biologically and mechanically stable and could act as a
charged barrier which would decrease the rate of release of negatively
charged, entrapped material.
Figure 31 A shows the melting endotherm of DPPG suspended in 50 mM
Tris-HCl buffer. The melting endotherm was broadened, and the melting
enthalpy was reduced as the pH was lowered. The phase transition
temperature, however, remained constant at ^0.8°C. Figure 31 B shows the
melting endotherm of a mixture of 90 mole percent DPPG and 10 mole
percent cholesterol under the same conditions. The addition of
cholesterol lowered the phase transition temperature by 1*^0 to 39.8^C
and rendered the DPPG liposomes sensitive to pH. The melting endotherm
was broadened, and the melting enthalpy was reduced more than in pure
DPPG liposomes as the pH was lowered, but at pH -= 6.3> the liposomes
were disrupted and crystals of DPPG and cholesterol formed. The reason
for this pH sensitization is not known, but perhaps some phase
separation occurred allowing the cholesterol to crystallize out of the
phospholipid bilayer and thereby destroying the vesicles.
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In Figure 3IC, the melting endotherras of DPPG suspended in buffered
solutions of PAA and PAA bearing 5 mole percent pendent cholesteryl
esters at pH = 7 . 1 are shown. The number average molecular weight of
these polymers was 50,000. Under these conditions, no significant
interactions between DPPG and PAA were evident, and the melting
endotherm was essentially identical to that of DPPG in the absence of
the polymer. In contrast, the addition of PAA with pendent cholesteryl
esters raised the main melting temperature by about 6^C to 47.1°C. The
melting endotherm was broadened substantially, and the melting enthalpy
was reduced. A minor peak at 43,5°C was also observed. As shown in
Figure 31 D, similar results were obtained for PLGA and PLGA with 5 mole
percent pendent cholesteryl esters at pH = 8.0. The viscosity average
molecular weight of these polymers was 47,000, In this case, the
addition of PLGA with pendent cholesteryl esters raised the main melting
temperature by about lO^C to 50.8*^0. The melting endotherm was
broadened, and the melting enthalpy was reduced. A minor peak at 48. 7*^0
was also observed.
One explanation of these thermal effects is that the pendent
cholesteryl esters inserted into the phospholipid bilayer and anchored
the polymer onto the surface of the liposome. This cholesteryl
anchoring would be a hydrophobic interaction between the polymer and the
lipid, but it would be reinforced by hydrogen bonds between the
phospholipid and the absorbed polyacid. PLGA with pendent cholesteryl
esters interacted with DPPG at a higher pH than PAA with pendent
cholesteryl esters because PLGA could hydrogen bond better than PAA to
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the surface of the liposome. PLGA could hydrogen bond by both the
pendent carboxylate anions and by the polyamide backbone, while PAA
could only hydrogen bond by the pendent carboxylate anions.
Takigawa and Tirrell have found that branched poly[ethylenimine]
also raised the melting temperature of DPPG in 50 mM Tris-HCl buffer at
pH = 7.^, but only by 2^C (M7). The melting endotherm was broadened,
and the melting enthalpy was reduced. In this case, a branch of
polyCethylenimine] could have inserted into the phospholipid bilayer and
anchored the polymer to the liposome. This hydrophobic interaction
would be reinforced by hydrogen bonds between the polyamine and the
phosphodi ester.
Figure 32 shows the pH dependence of the melting endotherms of DPPG
and DPPC suspended in solutions of PAA or PLGA with 5 mole percent
pendent cholesteryl esters. The melting temperature of DPPG increased,
and the melting temperature of DPPC remained constant as the pH of the
polymer solutions was lowered. In both cases, increasingly broad
transitions with lower enthalpies were observed as the pH was lowered.
Under these conditions, no significant interactions between DPPC and the
polymers were evident. Similar behavior was found with poly[methacrylic
acid] and poly[a-ethylacrylic acid] over certain pH ranges (48,^^9),
Figures 33A, 33B, and 33D show the pH dependence of the melting
endotherms of DPPG and DPPC suspended in buffered solutions of PAA and
PLGA. The important point to note is that these polyacids absorbed onto
the DPPG liposomes and raised the phase transition temperature of this
phospholipid in the same way as the polyacids with pendent cholesteryl
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Figure 31. DSC Thermograms of DPPG (A), of a mixture of
90 mole % DPPG and 10 mole X cholesterol (B), of
DPPG in the presence of PAA and PAA-Chol (5) (C),
and of DPPG in the presence of PLGA and PLGA-Chol (5)
(D)
88
Figure 32 DSC Thermograms of DPPG (A) and DPPC (B) in the
presence of PAA*Cho1 (5) and of DPPG (C) and DPPC (D)
in the presence of PL6A-Chol (5) at different pH's
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Figure 33. DSC Thennograms of DPPG (A) and DPPC (B) in the presence
of PM, of a mixture of 90 mole % DPPC and 10 mole % DPPG
In the presence of PAA-Chol (5) (C), and of DPPG in the
presence of PLGA (D)
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esters did except at lower pH^s. Hence, pendent cholesteryl anchors
only enhanced the natural absorption of these polyacids onto DPPG
liposomes. Figure 33C shows the pH dependence of the melting endotherm
of a mixture of 90 mole percent of DPPC and 10 mole percent of DPPG
suspended in a solution of PAA with 5 mole percent pendent cholesteryl
esters. In contrast to pure DPPC liposomes (see Figure 32B)
, the
melting temperature was raised by about 6°C to ^7.2^0 at pH = 5.0.
Obviously, 10 mole percent of DPPG was sufficient to make the polymer
absorb onto a predominantly DPPC surface.
H. Cholesteryl Anchoring
One measure of the strength of cholesteryl anchoring is whether or
not the polyacid-coated liposomes survive column chromatography. The
conditions can be varied to test the stability of the polyacid-coated
liposomes toward a wide range of substances. In this study, a simple
strength test was devised using a Pharmacia PD-10 column of Sephadex G-
25. As shown in Figure the polyacid-coated liposomes suspended in
50 mM Tris-HCl were passed over the PD-10 column and collected in the
void volume fraction. Melting endotherms were obtained before and after
chromatography and compared. The melting endotherm of the polyacid-
coated liposomes prepared from PLGA with 5 mole percent pendent
cholesteryl esters before chromatography was identical to that after
chromatography. Apparently, the polymer was tightly bound to the
liposomes. In contrast, the melting endotherm of the polyacid-coated
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Figure 34. Chromatographic Evidence
for Cholesteryl Anchoring
DPPG
PLGA-Chol (5)
pH*8.0
BEFORE AFTER
liposomes prepared from PLGA before chromatography was not the same as
the melting endotherm observed after chromatography. In this case, the
absorbed polyacid was pulled off of the liposome by the column, because
it was not anchored to the liposome by a cholesteryl ester, and only
unco at ed liposomes were collected in the void volume fraction.
Polyacid-coated liposomes prepared from PAA bearing 5 mole percent
cholesteryl esters also failed this cholesteryl anchoring test which
means that PLGA with pendent cholesteryl esters was indeed more tightly
bound than the corresponding PAA polymer, as suggested by its absorption
behavior.
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CHAPTER III
RECOMMENDATIONS FOR FUTURE WORK
In this study, the anionic polymerization of optically pure alkyl
malolactonat es gave higher molecular weight polymers than those
previously reported for the anionic polymerization of racemic alkyl
malolactonates
. (1 ) . The reason for this difference in molecular weight
is not known. Two explanations were given: (1) the bulk purities of
the optically pure monomers might be higher than those of the racemic
monomers , because of the new syntheti c strategy, so that chain
termination with reactive impurities would be reduced, or (2) the rates
of polymerization of the optically pure monomers mi^t be higher than
those of the racemic monomers, because of some favorable
stereoelectronic interactions between the propagating center and the
alkyl malolactonate monomer. This latter hypothesis could be tested by
preparing both enantiomers of an alkyl malolactonate by the method shown
in Figure 6 and polymerizing them under the same conditions. A racemic
mixture of alkyl malolactonate would also be prepared from equal amounts
of the two enantiomers and polymerized along with the optically pure
monomers. Since the bulk purity of the three samples would be roughly
the same, the difference in the molecular weights of the polymers could
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be attributed to the difference in the rates of polymerization of the
optically pure and racemic monomers.
The synthetic strategy used in this dissertation is also applicable
to the synthesis of other optically pure 6-lactone monomers from
optically pure S-hydroxy acids. The carboxyl group is first converted
into its benzyl ester, and then, the hydroxy group is transformed into a
mesylate leaving group. The benzyl ester protecting group is ranoved by
hydrobromic acid in glacial acetic acid, and the resulting 3-mesylate
carboxylic acid is converted into the optically pure B-lactone by an
internal S^N reaction.
Racemic benzyl (R, S)-malolactonate has been polymerized by a
tri ethyl aluminum-water catalyst into a high molecular weight polymer
(1,2). Optically pure benzyl (R)-malolactonate could be used to study
the mechanism of this polymerization reaction by comparing the thermal
and optical properties of the polymers obtained frcm the optically pure
and racemic monomer for a given catalyst composition. In fact, polymers
of different optical purities could be prepared by the anionic
polymeri zation of unequal mi xtur es of the enant i omers of benzyl
malolactonate. These polymers could also be compared to those obtained
from the tri ethyl aluminum-water catalyst.
The synthesis of polyacid-coated liposomes in this dissertation
merits further investigation. In particular, the permeability across
the polyacid-coated bilayer could be studied by dye release experiments
in which a self-quenching, fluorescent dye is entrapped inside the
liposome and slowly leaks out of the liposome at a rate that is
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dependent on the structure of the bilayer (3f4)- Since the entrapment
procedure involves column chromatography and since some polyacid-coated
liposomes do not survive column chromatography, the polymer would have
to be added to purified, dye containing liposomes in those cases.
Polyacid-coated liposomes that do not survive chromatography over
Sephadex G-25 may survive chromatography over Sephadex CM C-25, because
the column packing is negatively charged and would repell the negatively
charged polyacid-coated liposomes*
Footnotes
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CHAPTER IV
EXPERIMENTAL SECTION
A. Synthesis of Stereoregular Poly(alkyl malolactonates)
1. Reagents
(S)-Malic acid, (R)-malic acid, mesyl chloride, hydrobromic acid in
acetic acid, and trifluoroacetic anhydride were purchased frcm Aldrich
Chemical and used without purification. Tetraethyl ammonium benzoate was
purchased from Eastman Kodak and recrystallized from a mixture of hot
tetrahydrofuran and dimethylformamide. Benzyl alcohol was stirred over
calcium hydride for 12 hours and then vacuum .distilled at 40-43*^C (10 ^
torr). Methanol, ethanol, isopropanol, and pyridine were stirred over
calcium hydride for 12 hours and then distilled under dry argon.
Methylene chloride was refluxed over activated 3 2 molecular sieves for
12 hours and then distilled under dry argon. Acetone was stirred over
anhydrous potassium carbonate for 4 hours and then distilled under dry
argon. Chloroform was stirred over phosphorous pentoxide for 2 hours
and then distilled under dry argon. Tetrahydrof uran was distilled from
sodium benzophenone ketyl under dry argon. Dimethylformamide was
stirred over calciun hydride for 12 hours and then distilled from bariim
TOO
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oxide under reduced presure at 45-50°C (ca. 30 torr). A one piece still
with a 45 cm column and a recirculation loop was used for all of the
distillations,
2. Dibenzyl (S)-Malate
0.40 mL (7.3 mmol) of concentrated sulfuric acid were added
dropwise to a mixture of 775 mL (7.5 mol ) of distilled benzyl alcohol
and 500 mL of spectroscopic grade benzene with stirring in a two liter
Erlenmeyer flask. This solution was poured into a two liter round
bottom flask containing 100 grams (0.75 mol) of powdered (S)-(-)-malic
acid and a magnetic stir bar. A 25 mL Dean'-Stark trap filled with
benzene and a reflux condenser were attached. The mixture was stirred
and heated with a heating mantle until a stable reflux was obtained at
lOO^C. Water was removed by azeotropic distillation. After 3 hours,
27-30 mL of water (1.5-1
-7 mol) were collected, and the hot reaction
mixture was poured into a four liter beaker containing one liter of
saturated sodium bicarbonate and stirred for 2 hours to remove the
sulfuric acid catalyst and to cool the reaction mixture down. The
mixture was transferred into a three liter separatory funnel, and the
organic layer was washed once with 500 mL of 5% (w/v) solution of sodium
bicarbonate and once with 500 mL of brine and then dried over anhydrous
magnesium sulfate. After 1 hour, the magnesium sulfate was removed by
suction filtration, and the solution transferred into a two liter round
bottom flask containing a magnetic stir bar. A one piece still and a
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heating mantle were installed, the benzene was distilled off using an
aspirator vacuum, and then, the excess benzyl alcohol was removed under
reduced pressure at 55-65^C (0.01 torr). The liquid residue was
dissolved in 500 mL of ether, washed twice with 250 mL of 5? (w/v)
solution of sodium bicarbonate, twice with 250 mL of water, and once
with 250 mL of brine, dried over anhydrous magnesium sulfate, and
decolorized with activated charcoal. After 1 hour, the suspension was
filtered through celite, and the filtercake was washed with 100 mL of
ether. The filtrate was transferred into a one liter round bottom
flask, and the ether was removed on a rotary evaporator. The residue
was dried in vacuo at room temperature for 6 hours- The product was a
colorless liquid which crystallized readily in the freezer at - 15^C.
210 grams of dibenzyl (S)-malate were isolated as a white solid (90%
yield). MP - 29*32*^0. Elemental Analysis: Theoretical: 68.8JC,
5.73JH; Found: 69.0^C, 5.67$H. [a]^^= - 17.2° (c = 10.5 g/100 mL,
tetrahydrof uran) . IR Spectrum # 1: 3550-3200 cm'^ (OH stretch--
hydrogen bonded); 1720 cm'^ (C-0 stretch); 1 250 cm \ 1200 cm \ and
1150 cm"^ (C-0 stretch); 7M0 cra"^ and 690 cm ^phenyl ring bending);
thin film on a KBr plate. UV Spectrum: X(max) = 258 nm, e - 560 L
mol'^ cm"\ in tetrahydrof uran, phenyl absorption band. 300 MHz ^H NMR
Spectrum # 2: (a) 62.79-2.95 multiplet (2H), |J^| - 17 Hz, A6^g = 15
Hz; (b) 63.33-3.37 doublet (1H), J - 5.1 Hz; (c) 64. 51 -4. 56 quartet
(1H); (d) 65.09 singlet (2H); (e) 65.16 singlet (2H); (f) 67. 35 singlet
1 3 1
(lOH); 5 wt. % solution in deuterated chloroform. 50.4 MHz C{ H} NMR
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Spectrum # 1 : (a) 173.2. (b) 170.3, (c) 135.4. (d) 135.0. (e) 128.3-
128.6 four peaks, (f) 67.5. (g) 67.3, (h) 66.7, (i) 38.7. 10 wt. %
solution in deuterated chloroform,
3. Dibenzyl (S)-0-Me3ylmalate
203 grams (0.65 mol) of dibenzyl (S)-malate were placed in a one
liter Erlenmeyer flask, dissolved in 650 mL of dry methylene chloride,
and chilled in the freezer at -15*^0. Meanwhile, 65 mL (0.85 mol) of dry
mesyl chloride and 104 mL (1.3 mol) of distilled pyridine were mixed in
a one liter Erlenmeyer flask and aged 15 minutes at room temperature.
The reaction was slightly exothermic, and the mixture changed color
during the aging process frcni yellow to dark red. The mixture of mesyl
chloride and pyridine was then chilled in the freezer. When both
mixtures were cold, the methylene chloride solution of dibenzyl (S)-
malate was poured into the mixture of mesyl chloride and pyridine, and
the Erlenmeyer flask was placed in the refrigerator at 5°C. Pyridine
was used as a nucleophilic catalyst and as an acid scavenger. The
mesylation reaction was monitored by thin layer chromatography and was
judged complete after 6 hours (silica gel, chloroform). The workup was
simplified by allowing time for the byproduct, pyrldinium chloride, to
crystallize out of solution. After 18 hours, long needle crystals of
pyridinium chloride were removed by suction filtration, and the
f iltercake was washed twice with 50 mL of methylene chloride. The dark
red filtrate was transferred into a three liter separatory funnel.
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washed twice with 500 mL of 1.0 M hydrochloric acid and once with 500 mL
of brine, dried over anhydrous magnesium sulfate, and decolorized with
activated charcoal. After 1 hour, the suspension was filtered through
celite, and the filtercake was washed with 100 mL of methylene chloride.
The filtrate was transferred into a one liter round bottom flask, and
the methylene chloride was removed on a rotary evaporator. The dark red
liquid was transferred into a one liter beaker where it crystallized
rapidly. After drying in vacuo at room temperature for 12 hours, 243
grams of dibenzyl (S)-O-mesylmalate were isolated as a yellow solid (96%
yield). MP = 60-63°C. Elemental Analysis: Theoretical: 58.2$C,
5.10$H, 8.16$S; Found: 58.7$C, 4.93?H, 8.06JS. [a]^^= -28.1° (c =
9.97 g/100 mL, tetrahydrof ur an ) . IR Spectrum # 2: 1 730 cm'^ (C = 0
stretch); 1 350 cm~^ (antisym. SO^ stretch); 1260 cm ^ (C-0 stretch);
1170 cm'^ (sym. SO^ stretch); 750 cm'^ and 700 cm ^ (phenyl ring
bending); thin film cast from a methylene chloride solution onto a KBr
plate. UV Spectrum: X(max) - 258 nm, e - 330 L mol ^ cm \ phenyl
absorption band; X(max) - 382 nm , e - 21 L mol ^ cm \ weak mesylate
absorption band— which is responsible for the yellow solid and red
solution, in tetrahydrof ur an. 300 MHz NMR Spectrum # 3: (a) 62.99-
3.03 multiplet (2H); (b) 63.04 singlet (3H); (c) 65.12 doublet (2H); (d)
65.18 doublet (2H); (e) 65.38-5.44 quartet (IH); (f) 67.35 singlet
13 1
(10H); 5 wt. % solution in deuterated chloroform. 70.4 MHz C{ H} NMR
Spectrum # 2: (a) 168.4, (b) 167.7, (O 135.1, (d) 134.6, (e) 128.4-
128.7 six peaks, (f) 73.9, (g) 68.1, (h) 67.3, (D 38.9, (J) 36.9, 10
wt. % solution in deuterated chloroform.
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4. (S)-0-Me3ylmallc Acid
230 grams (0.59 mol ) of di benzyl (S)-O-mesylraalate were placed in a
one liter Erlenmeyer flask containing a magnetic stir bar and dissolved
in 100 mL of dry methylene chloride. 510 mL (2.4 mol HBr) of 30 wt. %
hydrobromic acid in acetic acid were added in a hood with good
ventilation. The reaction mixture was stirred at room temperature for 6
hours and then transferred into a one liter round bottom flask. A one
piece still and a heating mantle were installed, and the volatile
materials removed using an aspirator vacuum, keeping the temperature
below 50^C (sometimes a mechnical pump was necessary). The collection
flask was chilled in an ice-salt bath. When most of the volatile
materials had been removed, the product came out of solution as an oil,
and the distillation was stopped. It should not be distilled to dryness
because it decomposes thermally! The mixture was poured into a beaker
and allowed to cool down to room temperature, and then, the supernatent
liquid was decanted off. (Caution: the supernatent liquid contained
benzyl bromide, a severe lachrymator . ) The yellow oily solid was
dissolved in 100 mL of hot acetone, diluted with 100 mL of chloroform,
and placed in the freezer for crystallization. After 18 hours, (S)-0-
mesylmalic acid was isolated by suction filtration, washed once with 50
mL of cold chloroform, and dried in vacuo at room temperature for 4
hours. 60.0 grams of (S)-O-mesylmalic acid were isolated as a light
yellow solid. The filtrate was decolorized with activated charcoal and
dried with anhydrous magnesium sulfate. After 1 hour, the suspension
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was filtered through celite, and the filtercake was washed with 100 mL
of acetone. The filtrate was transferred into a 500 mL round bottom
flask and concentrated on a rotary evaporator. The residue was diluted
with about 60 mL of chloroform, seeded with a crystal, and placed back
in the freezer. After 18 hours, another 15.4 grams of (S)-O-mesylmal ic
acid were isolated (70? yield overall). Sometimes, the second crop of
(S)-O-mesylmalic acid was reddish orange instead of light yellow and
required another recrystall ization from a mixture of acetone and
chloroform. MP=88-95°C with decomposition. Elemental Analysis:
Theoretical: 28.2?C, 3-77S6H, 15.1$S; Found: 28.6$C, 3.7UH, 15.3JS.
[a]^^= - 52.5° (c = 10.1 g/100 mL, tetrahydrof uran ) . IR Spectrum # 3:
3600-2400 cm"^ (OH stretch); 1 720 cm'^ (C«0 stretch); 1 350 cm'^
(antisym. SO^ stretch); 1180 cm ^ (sym. SO^ stretch); thin film cast
from an ethyl acetate solution onto a KBr plate. UV Spectrum: X(max) =
378 nm, e « 13 L mol ^ cm \ weak mesylate absorption band, in
tetrahydrof uran. 300 MHz ^H NMR Spectrum # 4: (a) 62.98-3.17 doublet
of quartets (2H)
,
|J^| « 17 Hz, A6^ « 20 Hz, J^^ - 10 Hz, J^^ - -7 Hz;
(b) 63.25 singlet (3H); (c) 65.37-5.43 quartet (1H); (d) 69.5-9.9 broad
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singlet (2H); 5 wt. % solution in deuterated methanol. 70.4 MHz "'CI H}
NMR Spectrum # 3: (a) 172.2, (b) 171.3, (c) 75.7, (d) 38.7, (e) 37.7,
10 wt. % solution in deuterated methanol.
The conversion of (S)-malic acid into (S)-0-me3ylraalic acid was
also carried out successfully wi thout isolating the intermediate
products. The liquid dibenzyl (S)-malate was not vacuum dried, but
dissolved immediately into dry methylene chloride and converted into
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dibenzyl ( S)-0-mesylmalate, Then, during the workup, the dibenzyl (S)-
0-mesylmalate was not allowed to crystallize, but dissolved immediately
into the 30 wt, % hydrobromic acid in acetic acid and converted into
(S)-O-mesylmalic acid. By not isolating the intermediate products, (S)-
malic acid was converted into {S)-0-mesylmalic acid in four working days
and isolated in 75 % yield overall.
The debenzylation of dibenzyl (S) -0-mesylmalate was the most
difficult reaction in the synthesis of poly[alkyl (S)-malates] to carry
out safely because of the use of hydrobromic acid and the formation of
benzyl bromide. The following techniques were used to reduce the
hazards associated with these chemicals: (1) all manipulations were
carried out in the hood, (2) disposable gloves were always worn, (3) all
glassware was rinsed thoroughly with acetone in the hood before being
cleaned in the sink, (4) all dirty paper towels and disposable gloves
were enclosed in plastic storage bags before being thrown out in the
garbage, and (5) all chemical waste was stored in four liter glass
bottles that were placed in plastic buckets (secondary containment)
under the hood. Chemical waste containing benzyl bromide was treated
with triethylamine to convert the dangerous benzyl brcmide into the
innocuous tri ethyl benzyl ammonium bromide. Triethylamine was also used
to clean up small spills of benzyl bromide.
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5. ( S)-0-Me3ylmallc Anhydride
130 grams (O.6I mol ) of (S)-O-mesylmalic acid were dissolved in 260
mL of dry acetone and transferred into a 250 mL pressure equalizing
addition funnel which was attached to a one liter, three neck, round
bottom flask that was equipped with an overhead stirrer and thermometer
and contained 285 mL (1.8 mol) of trifluoroacetic anhydride. A rubber
septum was inserted into the addition funnel and wired down, and the
reaction vessel was purged with dry argon. The round bottom flask was
chilled in an ice-salt bath, and the (S)-O-mesylmalic acid solution was
added slowly with stirring under dry argon, keeping the temperature near
0*^C. An inert atmosphere was maintained over the reaction mixture by a
balloon filled with dry argon. A balloon was slipped over the end of a
two inch section of vacuum hose and tied down with a rubber band. A
needle adapter was inserted into the other end of the hose and wired
down. A one inch 20 gauge needle was screwed into the luer lock and
inserted through the septum in the addition funnel. The reaction vessel
was purged with dry argon, and then the venting needle was removed.
When the balloon was full of dry argon, the argon inlet needle was
removed leaving an inert argon atmosphere inside the reaction chamber.
The addition of (S)-0-me3ylmalic acid took 1 hour, after which the
slurry was stirred for another hour at 0*^0, then the ice bath was
removed, and the slurry allowed to warm to room temperature. The
overhead stirrer, thermometer, and addition funnel were replaced by
stoppers, and the volatile materials were removed by evaporation. A
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light yellow solid remained. The crude anhydride was recrystallized
from 200 mL of hot dry acetone. After some crystals had formed, the
flask was placed in the freezer overnight. The crystals were isolated
by suction filtration, washed twice with 25 mL of chloroform, and dried
under parafilm for 15 minutes in the Buchner funnel. Residual
trifluoroacetic acid was removed by drying in vacuo at room temperature
for 1 hour. 103*0 grams of (S)-O-mesylmalic anhydride were isolated as
a light yellow solid (86$ yield). A second crop of crystals was
obtained by concentrating the dark red filtrate and diluting with some
chloroform. After some crystals had formed, the flask was placed in the
freezer overni^t. Another ^.2 grams of (S)-O-mesylmalic anhydride were
isolated (90? yield overall). MP » 94-98^C. Elemental Analysis:
Theoretical: 30.9?C, 3.09$H, 16.5?S; Found: 30.9$C, 3.01$H, l6.i*$S.
[a]^^= - 31.^° (c = 10.2 g/100 mL, tetrahydrof uran) . IR Spectrum # 4:
1850 cm"^ (shoulder, antisym. C = 0 stretch); 1 780 cm ^ (sym. C = 0
stretch); 1 320 cm~^ (antisym. SO^ stretch); 1150 cm ^ (sym. SO^
stretch); KBr pellet. UV Spectrum: X(max) « 378 nm, e - 2 L mol
^
cm~\ weak mesylate absorption band, in tetrahydrof uran. 300 MHz NMR
Spectrum # 5: (a) 63.35 singlet (3H); (b) 63.40-3.75 doublet of
quartets (2H), |J^g| - 19 Hz, A6^ = 68 Hz, J^^^ - 10 Hz, J^^ = -6 Hz;
(c) 65.92-6.00 quartet (1H); 5 wt . ? solution in deuterated acetone.
70.4 MHz ^^C{^H} NMR Spectrum # 4: (a) 169.2, (b) 167.6, (c) 73-6, (d)
39.2, (e) 36.5, 10 wt. % solution in deuterated acetone.
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6, Monom ethyl ( S) -0-Mes ylmal at es
98.4 grams (0.51 mol) of ( S) -O-mesylmal ic anhydride were placed
into a 250 mL round bottom flask containing a magnetic stir bar. A
rubber septum was inserted and wired down. The flask was purged with
dry argon. A rubber septum was inserted into a 100 mL graduated
cylinder, and distilled methanol was added from a storage flask through
a transfer needle under dry argon. The graduated cylinder containing
the methanol was tared on a scale, and 16.2 grams (0.51 mol) of methanol
were added into the reaction flask through a transfer needle under dry
argon with stirring. The reaction was very exothermic. After a few
minutes, the slurry was warm and fluid, and the flask was placed into an
ice bath to prevent any thermal decomposition. After thirty minutes,
the exotherm had subsided, and the ice bath was removed. The viscous
reaction mixture was stirred for 6 hours at room temperature and then
for 12 hours at 50°C. The ester mixture was a viscous yellow liquid and
was stored in the freezer. Elemental Analysis: Theoretical: 31.9JC,
4.42!6H, l4.2tS; Found: 32.1$C, k.^H, 14.1$S. IR Spectrum # 5: 3600-
2400 cm"^ (OH stretch), 1720 cm'^ (C=0 stretch), 1350 cm"^ (antisym. SO^
stretch); 1160 cm"^ (sym. SO^ stretch); thin film on a KBr plate. 300
MHz ^H NMR Spectrum # 7: (a) 63.00-3.13 multiplet (2H) ; (b) 63.19
singlet (3H); (c) 63.84 singlet (3H); (d) 65.37-5.41 quartet (1H); (e)
69. 10-9.25 broad singlet (1H); 5 wt . % solution in deuterated
chloroform.
in
7. Mono ethyl ( S ) -0-Mes ylmal at es
98.^ grams (0.51 mol) of (S)-O-mesylmalic anhydride were placed
into a 250 mL round bottom flask containing a magnetic stir bar. 23.4
grams (0.51 mol) of distilled ethanol were added slowly under dry argon
from a graduated cylinder as previously described. After thirty
minutes, the reaction mixture was fluid and was stirred for 6 hours at
room temperature (the slurry became a viscous liquid) and then for 12
hours at 50*^C. The ester mixture was a viscous yellow liquid and was
stored in the freezer . Elemental Analysi s: Theor eti cal : 35. OJC ,
5.00JH, 13.3?S; Found: 3^.8?C. 5.02itH, 13.0%S. I R Spectrum # 6: 3600-
2400 cm"^ (OH stretch); 1720 cm"^ (C»0 stretch); 1350 cm"^ (antisym. SO^
stretch); 1160 cm ^ (sym. SO^ stretch); thin film on a KBr plate. 300
MHz ^H NMR Spectrum # 8: (a) 61 .21-1.40 triplet (3H) , J - 7.0 Hz; (b)
63-04-3.19 multiplet (2H); (c) 63.19 singlet (3H); (d) 64.28-4.31
quartet (2H), J = 7.0 Hz; (e) 65.3^-5.38 quartet (1H); (f) 69.10-9.25
broad singlet (1H); 5 wt. % solution in deuterated chloroform.
8. Monolsopropyl (S)-0-Mesylmalate3
85.1 grams (0.44 mol) of (S)-O-mesylmalic anhydride were placed
into a 250 mL round bottcm flask containing a magnetic stir bar. 26.4
grams (0.44 mol) of distilled isopropanol were added under dry argon
from a graduated cylinder as previously described. The alcohol ysis was
slow. The slurry was stirred for 6 hours at room temperature (some
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anhydride crystals were still visible) and then for 12 hours at 50°C.
The ester mixture was a viscous yellow liquid and was stored in the
freezer. Elemental Analysis: Theoretical: 37.8?C, 5.5nH, 12.6JS;
Found: 37.9JC, 5.52JH, ^2.3%S. IR Spectrum # 7 : 3600-2400 cm'^ (OH
stretch); 1720 cm ^ (C=0 stretch); 1 350 cm~^ (antisym, SO^ stretch);
1160 cm ^ (sym. SO^ stretch); thin film on a KBr plate. 300 MHz NMR
Spectrum 9: (a,b) 61.28-U31 doublet of doublets (6H) , J = 3.0 Hz,
diastereotopic methyl groups; (c) 62.95-3. 10 multiplet (2H); (d) 63.19
singlet (3H); (e) 65.05-5.20 septet (1H), J = 6.3 Hz; (f) 65. 30-5. 3^
quartet (IB); (g) 69.0-9.15 broad singlet (IH); 5 wt. % solution in
deuterated chloroform.
9. Monobenzyl (S)-0-Me3ylinalate3
105.8 grams (0.55 mol) of (S)-O-mesylmalic anhyride were placed
into a 250 mL round bottom flask containing a magnetic stir bar. 59.0
grams (0.55 mol) of distilled benzyl alcohol were added slowly under dry
argon from a graduated cylinder as previously described. The mixture
was stirred at room temperature for 6 hours (the slurry became a viscous
liquid) and then for 12 hours at 50°C. The ester mixture was a viscous
yellow liquid and was stored in the freezer. However, on one occasion,
when the monobenzyl (S)-O-mesylmalate ester mixture was accidentally
stored at room temperature for three days , it had started to
crystallize. After five days at room temperature, it had crystallized
into a li^t yellow waxy solid. MP * 46-63^C. The solid monobenzyl
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( S)-0-mesylmalate ester mixture was more difficult to use than the
liquid mixture in the lactoni zat i on reaction, because it was hard to
remove from the round bottom flask, and because it dissolved slowly into
aqueous sodium bicarbonate. Elemental Analysis: Theortical: ^7.7JC,
H.6H%}i, 10.6JS; Found: M7.6?C, lO.i^^S. IR Spectrum #8; 36OO-
2400 cm~^ (OH stretch); 1720 cm~^ (C=0 stretch); 1350 cm'^ (antisym. SO^
-1 - 1 -
1
stretch); 1 1 60 cm (sym. SO^ stretch); 730 cm and 690 cm (phenyl
ring bending); thin film on a KBr plate. 300 MHz ^H NMR Spectrum // 1 0
:
(a) 63.00-3.14 multiplet ; (b) 63-11 singlet (a and b integrated to 5H)
;
(c) 65.20-5.25 doublet (2H) , J = 2.4 Hz; (d) 65.38-5. 42 quartet (1H);
(e) 67.35 singlet (5H); (f) 69.10-9.22 broad singlet (1H); 5 wt. %
solution in deuterated chloroform.
10. Methyl (R)-Malolactonate
50 grams (0.22 mol) of monomethyl (S)-O-mesylmalates were dissolved
into 500 mL of distilled water in a one liter beaker with stirring and
then slowly neutralized with 20-23 grams (0.24-0.27 mol) of sodium
bicarbonate. The final pH was between 7.0 and 7.5. This aqueous
solution was added to a two liter, three neck, round bottom flask that
was equipped with an overhead stirrer, thermometer, and reflux
condenser, heated with a heating mantle, and contained 500 mL of warm
methylene chloride. If the aqueous solution was light pink, it was
first washed with 250 mL of ether in a one liter separatory funnel to
remove the pink impurity before being added to the reaction flask. In
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fact, washing the aqueous solution of monomethyl (S)-O-mesylmalates
would probably be a good idea regardless of the color of the solution,
because it would remove any water insoluble impurities before the
lactoni zation reaction had occurred, and therefore, the crude B-lactone
would be formed in higher purity. The mixture was stirred vigorously
for 5 hours at 35*^0. The reaction mixture was transferred into a one
liter separatory funnel, and the organic layer was washed twice with 250
mL of a 5 ^ (w/v) solution of sodium bicarbonate, twice with 250 mL of
distilled water, and once with 250 mL of brine, and dried over anhydrous
magnesium sulfate. After 1 hour, the magnesium sulfate was removed by
suction filtration and washed with 50 mL of methylene chloride. The
filtrate was transferred into a one liter round bottom flask, and the
methylene chloride was removed by evaporation. The crude 6-lactone was
purified by vacuum distillation using a short path still which is shown
in Figure 35. 6.6 grams of methyl (R)-malolactonate were collected as a
colorless liquid. Typical yields were 5-7 grams. BP « 50-52^C
(10"^torr). Elemental Analysis: Theoretical: i*6.2jC, 4.62?H; Found:
46. nc, 4.65$H. Ca]^^- +5.8° (c - 10.3 g/100 mL, tetrahydrof uran) . IR
Spectrum /^9: 1840 cm'^ (lactone C=0 stretch); 1 730 cm ^ (ester C-0
stretch); 1210 cm"^ (C-0 stretch); thin film on a KBr plate. 300 MHz
NMR Spectrum # 11: (a) 63.58-3.90 doublet of quartets (2H), |J^g| -= 17
Hz, A6,n - 58 Hz, J,^ - 6 Hz, Jp„ - -5 Hz; (b) 63-86 singlet (3H); (c)AB AX DA
64.87-4.92 quartet (1H); 5 wt. % solution in deuterated chloroform.
Figure 35. Design of the one piece still used to purify the
alKyl maloactonates, and the dimensions of the
polymerization tube
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Ethyl (R)-Malolactonate
Ethyl (R)-inalolactonate was prepared by the same method used for
the synthesis of methyl (R )-malolactonate. Typical yields were 9-12
grams. BP = 60-62°C (10"^torr). Elemental Analysis: Theoretical:
50.0JC, 5.56JH; Found: 50.0%C, 5.60?H. [a]^^= +2.9° (c = 10.3 g/100
raL, tetrahydrof uran)
.
IR Spectrum # 1 1: 1 850 cm"^ (lactone C = 0
stretch); 1 750 cm ^ (ester C=0 stretch); 1200 cm~^ (C-0 stretch); thin
film on a KBr plate. 300 MHz NMR Spectrum # 1 3: (a) 61 .36-1 .31
triplet (3H), J = 7.3 Hz; (b) 63. 56-3. 87 doublet of quartets (2H).
I^^AbI " ^^AB = *^AX ' ^BX " 6^1. 27-4.
3^^
quartet (2H), J - 7.1 Hz; (d) 64.85-4.90 quartet (1H); 5 wt. % solution
in deuterated chloroform.
12. Isopropyl (R)-Malolactonate
Isopropyl (R)-malolactonate was also prepared by the same method
used for the synthesis of methyl (R )-malolactonate except that only
about 40-45 grams of monoisopropyl (S)-O-mesylmalates dissolved into 500
mL of distilled water. Upon neutralization with sodium bicarbonate, all
50 grams dissolved. Typical yields were 10-14 grams. BP = 70-72°C
(10"^torr). Elemental Analysis: Theoretical: 53.2$C, 6.33$H; Found:
53.4JC, 6. 1056H. Ca]^^- +3.9*^ (c - 10.1 g/100 mL, tetrahydrof uran ) . IR
Spectrum J!^ 1 3 : 1 850 cm"^ (lactone C«0 stretch); 1740 cm ^ (ester C»0
stretch); 1210 cm"^ and 1100 cm"^ (C-0 stretch); thin film on a KBr
117
plate. 300 MHz NMR Spectrum # 15: (a,b) 61 . 30-1 . 33 doublet of
doublets (6H), J = 3.0 Hz (some overlap), diastereotopic methyl groups;
(c) 63- 52-3.87 doublet of quartets (2H), [j^l = 17 Hz, A6^ = 67 Hz,
J^^ = 7 Hz, Jg^ = Hz; (d) 6i*. 82-4. 86 quartet (1H); (e) 65. 06-5. 21
septet (1H), J = 6.3 Hz; 5 wt . $ solution in deuterated chloroform.
13. Benzyl (R)-Malolactonate
50 grams (0.17 mol) of monobenzyl (S)-O-mesylmalates were placed
into a one liter beaker, and 500 mL of distilled water were added. 20-
23 grams (0.24-0.27 mol) of sodium bicarbonate were added slowly with
stirring until the monobenzyl S-O-mesylmalates had dissolved completely.
The final pH was between 7.0 and 7.5. This solution was added to a two
liter, three neck, round bottom flask that was equipped with an overhead
stirrer, thermometer, and reflux condenser, heated with a heating
mantle, and contained 500 mL of warm spectroscopic grade benzene. If
the aqueous solution was light pink, it was first washed with 250 mL of
ether in a one liter separatory funnel to remove the pink impurity
before being added to the reaction flask. In fact, washing the aqueous
solution of benzyl (S)-O-mesylmalates would probably be a good idea
regardless of the color of the solution, because it would remove any
water insoluble impurities before the lactonization reaction had
occurred, and therefore, the crude B-lactone would be formed in higher
purity. The mixture was stirred vigorously at 45°C for 4 hours. The
reaction mixture was transferred into a one liter separatory funnel, and
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the organic layer was washed twice with 250 mL of a 5 ? (w/v) solution
of sodium bicarbonate, twice with 250 mL of water, once with 250 mL of
brine, and dried over anhydrous magnesium sulfate. After 1 hour, the
magnesium sulfate was removed by suction filtration and washed with 50
mL of benzene. The filtrate was transferred into a one liter round
bottom flask, and the benzene was removed by evaporation. The crude B-
lactone was poured into a 600 mL beaker containing a magnetic stir bar
and 200 mL of a saturated sodium bicarbonate solution and was stirred
for 1 hour. The two phase system was transferred into a 500 mL
separatory funnel and washed three times with 150 mL of ether. The
ether layers were combined and dried over anhydrous magnesium sulfate-
After 1 hour, the magnesium sulfate was reoQoved'by suction filtration
and washed with 50 mL of ether. The filtrate was transferred into a one
liter round bottom flask, and the ether was removed by evaporation. The
crude product was purified by vacuum distillation using a short path
still. 14.2 grams of benzyl (R)-malolaGtonate were isolated as a
colorless, dense liquid. In fact, the benzyl (R )-malolactonate
condensed into small dense droplets which slowly travelled down the
still and into the collection flask. Typical yields were 8-14 grams.
BP 100-llO^C (lO"-^ torr). Elemental Analysis: Theoretical: 64.1JC,
4.85*H; Found: 63.8$C, 4.90$H. Lal^^- +8.2^ (c - 10.1 g/100 mL,
tetrahydrof uran) . IR Spectrum # 13: 1850 cm"^ (lactone C=0 stretch);
1740 cm"^ (ester C-=0 stretch); 1210 cm"^ and 1100 cm ^ (C-0 stretch);
thin film on a KBr plate. 300 MHz NMR Spectrum # 17: (a) 63.48-3.77
doublet of quartets (2H), |J^| - 17 Hz, - 53 Hz, J^^ « 7 Hz, J^^ -
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-4 Hz; (b) 6i*. 80-4. 87 quartet (IH); (c) 65.22 singlet (2H)
; (d) 67.33
singlet (5H); 5 wt . ? solution in deuterated chloroform. 70.4 MHz
^^C{^H} NMR Spectrum #5: (a) 168.0, (b) 166.0, (c) 134.6, (d) 128.8,
(e) 128.7, (f) 128.5, (g) 67.8. (h) 65.3, (i) 43.4, 10 wt . % solution in
deuterated chloroform.
The yield of alkyl (R )-malolactonate depended on how carefully the
vacuum distillation was carried out. The alkyl (R )-malolactonates were
thoroughly degassed, and the diffusion pump was allowed to pump down on
the system for at least one hour before the distillation was attempted.
The one piece still was cleaned scrupulously. Before each distillation,
the still was soaked in a base bath [5 M KOH in 50 % (v/v) aqueous
ethanol] for about 12 hours, rinsed with acetone, dried in the oven,
rinsed thoroughly with trimethylchlorosilane, dr,ied in the oven, rinsed
with water and then acetone, and dried again in the oven. This
treatment gave a clean, unreactive, hydrophobic glass surface so that
the alkyl (R)-malolactonate would not decompose or polymerize during the
distillation.
14. Polymerization (General Procedure)
Tetraethyl ammonium benzoate was recrystallized from a mixture of
tetrahydrof uran and dimethyl formami de and then dissolved in absolute
ethanol. A specified volume of this stock solution was injected into a
clean, flame-dried polymerization tube which is shown in Figure 35. The
tube was attached to a vacuum manifold by a short piece of vacuum hose.
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and the ethanol was removed under reduced pressure. The tube was
disconnected from the manifold and tared on a scale, and then, freshly
distilled alkyl (R)-inalolactonate was injected into the tube, and its
weight was recorded. A magnetic stir bar was added, the tube was
attached to the vacuum line, and the monomer was degassed for about ten
minutes. The tube was frozen in a liquid nitrogen bath and sealed with
a torch under vacuum. The contents of the tube were allowed to thaw,
and then, the tube was wrapped in heavy-duty aluminium foil and placed
in an oil bath at 60°C, After 5-7 days, the tube was broken, and the
hard white plug of polymer was wrapped in paper towel and crushed into
small pieces with a hammer. The polymers were dissolved in refluxing
dioxane (c * Ig/lOmL), filtered to remove seme pieces of glass and paper
towel, and added dropwise to a tenfold amount of 50::50 (v/v) ether and
hexane for the methyl, ethyl, and isopropyl polymers or to a tenfold
amount of ether for the benzyl polymer with stirring. The polymers
precipitated as fine white powders and were isolated by suction
filtration, washed with ether, and dried in vacuo at room temperature
for ^ hours.
15. Tetraethylanunonlum Benzoate
5.0 grams (20 mmol) of tetraethylammoniun benzoate were placed into
a one liter Erlenmeyer flask that had a 24/^*0 ground glass joint top.
360 mL of dry tetrahydrof uran was added, and a rubber septum was
inserted and wired down. The flask was flushed out with dry argon, the
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suspension was heated with a hot air gun, and 2.0 mL of dry
dimethylformamide was injected into the flask with swirling to dissolve
the tetraethylammoni um benzoate. The flask was placed in the freezer
for r e cr ys t al 1 i za t i on . After four hours, 3.2 grams of
tetraethylammoni um benzoate were isolated by suction filtration under
dry argon (64 % yield). A stock solution was prepared by dissolving
2.77 grams of recrystall ized tetraethyl ammonium benzoate into 50.0 mL of
anhydrous ethanol (c = 55 mg/mL).
16. Poly[methyl (S)-malate]
Elemental Analysis: Theoretical: ^6.2%C, ^.62%H; Found: 46.4$C,
4.56JH. Ca]^^= - 16.7° (c « 10.4 g/100 mL, chloroform). IR Spectrum #
10: 1750 cm"^ (C=0 stretch); 1280 cm"\ 1210 cm'\ and 1 1 60 cm"^ (C-0
stretch); thin film cast from a chloroform solution onto a KBr plate.
300 MHz NMR Spectrum # 12: (a) 62.92-3.11 multiplet (2H) , |J^| - 17
Hz, A6,o - 17 Hz; (b) 63.77 singlet (3H) , (c) 65.51-5.58 quartet (1H); 5Ad
wt. % solution in deuterated chloroform. 70.4 MHz ^^C{^H} NMR Spectrum
# 6: (a) 168.6, (b) 168.0, (c) 68.4, (d) 52.8, (e) 35.5, 10 wt. %
solution in deuterated chloroform. Melting range « 156-119*^0. Peak
melting point » 150*^0. Enthalpy of fusion - 9 (+/- 1) cal/gram.
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17. PolyCethyl (S)-malate]
Elemental Analysis: Theoretical: 50.056C, 5,56?H; Found: 50.2JC,
5.55$H. Ca]p^= - 19,0° (c = 10.1 g/100 mL, chloroform). IR Spectrum
12: 17^0 cm'^ (C=0 stretch); 1280 cm"\ 1190 cm~\ 1150 cm~\ and 1060
cm ^ (C-0 stretch); thin film cast from a chloroform solution onto a KBr
plate. 300 MHz NMR Spectrum # 1^1: (a) 61 .25-1.30 triplet (3H) , J =
7.2 Hz; (b) 62.90-3-10 multiplet (2H)
. |j^| = 17 Hz, A6^ = 18 Hz; (c)
64.l8-i*.26 quartet (2H), J = 7.0 Hz; (d) 65.^9-5.53 quartet (1H); 5 wt.
% solution in deuterated chloroform. 70.4 MHz ^^C{^H} NMR Spectrum # 7:
(a) 168.1, (b) 168.0, (c) 68.5, (d) 61.9, (e) 35.5, (f) 14,0, 10 wt. %
solution in deuterated chloroform. Melting range ^ 1 52-122*^0. Peak
melting point - 147°C. Enthalpy of fusion =11 (+/- 1) cal/gram.
18. PolyClsopropyl (S)-malate]
ElCTiental Analysis: Theoretical: 53.2$C, 6.33?H; Found: 53.1JC.
6.18JH. [a]^^» - 22.8° (c - 10.4 g/100 mL, chloroform). IR Spectrum #
1 4: 1 740 cm"^ (C-0 stretch); 1 280 cm'\ 1200 cm'\ 1160 cm \ 1100
cm""', and 1050 cm'"' (C-0 stretch); thin flim cast from a chloroform
solution onto a KBr plate. 300 MHz ^H NMR Spectrum # 16: (a,b) 61.23"
1.28 triplet (6H), J - ca. 6.0 Hz. overlapping diastereotopic methyl
groups; (c) 62. 90-3.08 multiplet (2H) , |J^| « 17 Hz, A6^ = 15 Hz; (d)
64.98-5.13 septet (1H), J - 6.3 Hz; (e) 65.40-5.50 quartet (1H); 5 wt. %
solution in deuterated chloroform. 70.4 MHz ^Wn] NMR Spectrum # 9:
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(a) 168.1, (b) 167.7, (c) 69.9, (d) 68.7, (e) 35.4. (f) 21.62, (g)
21,58, 10 wt. % solution in deuterated chloroform. The diastereotopic
methyl groups [(f) and (g)] were resolved and separated by 12 Hz.
Melting range = 131-97°C. Peak melting point = 123°C. Enthalpy of
fusion = 5 (+/- 1) cal/gram.
19. PolyCbenzyl (S)-malate] '
Elemental Analysis: Theoretical: 64.1$C, 4.85$H; Found: 63.9$C,
29 o
4.92i6H, [a]j^ = +5-7 (c = 10.1 g/lOOmL, N-methyl pyrrolidinone) , IR
Spectrum # 16: 1750 cm'^ (C=0 stretch); 1290 cm"\ 1260' cm'\ and 1060
cm ^ (C-0 stretch); 740 cm ^ and 700 cm ^ (phenyl ring bending); KBr
pellet. A coherent film could not be cast from a chloroform solution
onto a KBr plate. 300 MHz ^H NMR Spectrum # 18: (a) 62. 81-2.99
multiplet (2H); (b) 65.08-5.09 doublet (2H); (c) 65.48-5.52 quartet
(1H); (d) 67.26 singlet (5H); ca . 1 wt . % solution in deuterated
chloroform. PolyCbenzyl (S)-malate] was not very soluble in chloroform
at room temperature. 50.3 MHz ^^C{^H} NMR Spectrum # 9: (a) 168.0, (b)
167.9, (c) 135.2, (d) 128.7, (e) 128.5, (f) 128.3, (g) 68.6, (h) 67.6,
(i) 35.5, ca. 3 wt. % solution in deuterated chloroform at 50°C. The
50.3 MHz carbon-13 NMR spectrum of poly[benzyl (S)-malate] was identical
to the 70.4 MHz carbon-13 NMR spectrum #10 of poly[benzyl (R,S,)-
malate]. Melting range - 1 98-173°C. Peak melting point - 190*^C.
Enthalpy of fusion - 13 (+/- D cal/gram.
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20. Hydrogenolysls of Poly[benzyl (S)-malate]
2.0 grams of poly[benzyl (S)-malate] (9,7 mmol repeating units)
were dissolved in 50 mL of spectroscopic grade N-methyl pyrrol idinone
with heating in a 100 mL round bottom flask containing a magnetic stir
bar. 1.0 gram of 10 wt. % palladium (0.94 mmol palladium) on activated
carbon was added, and the round bottom flask was attached to the
hydrogenolysis apparatus shown in Figure 36. The suspension was stirred
at 40^C, and hydrogen was admitted. After 3 hours, no more hydrogen was
being consumed so the palladium catalyst was removed by suction
filtration through celite. The filtrate was centrifuged for two hours
to remove some fine carbon powder, decanted into a separatory funnel,
and then added dropwise into 500 mL of ether with stirring. The polymer
was isolated by suction filtration, washed twice with 50 mL of ether,
and dried in vacuo at room temperature for 4 hours. 1.1 grams of
polymer were isolated (100? yield). However, this sample contained
some N-methyl pyrrol idinone. The polymer was washed with ether in a
Soxhlet extractor for 24 hours and dried in vacuo at room temperature
for 4 hours. The polymer was dissolved in 25 mL of warm methanol and
added dropwise into 250 mL of ether with stirring. The polymer was
isolated by suction filtration and dried in vacuo at room temperature
for 4 hours. 0.70 grams of polymer were isolated (64t yield).
Elemental Analysis: Theoretical: 41.4$C, 3.^5$H; Found: 41.9$C,
3.91$H. [a]p^ - -36.7° (c - 3.19 g/100 mL, water). IR Spectrum # 18:
3150-2400 cm'^ (OH stret ch--hydr ogen-bonded) ; 1740 cm ^ (ester C-0
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stretch); 1600 cm ^ (carboxyl C=0 stretch--hydrogen bonded); 1 270 cm^
and 1190 cm ^ (C-0 stretch); powdery white film cast fron an ethanol
solution onto a KBr plate. 300 MHz NMR Spectrum #19: (a) 62.83-
3.05 multiplet (2H); (b) 65.25-5.35 quartet (1H); 1 wt. % solution in
deuterium oxide. Melting range = l82-1i*7^C with decomposition. Peak
melting point = 168^C.
21
.
Hydrogenolysls Apparatus and its Operation
The hydrogenolysis apparatus is shown in Figure 36. The reaction
mixture containing the polymer solution and palladium catalyst was first
degassed using an aspirator by closing valves 1 and 2 and opening valves
3,4, and 5. After about twominutes» degassing was stopped by closing
valves 3 and 4. Now, the entire system was perged with hydrogen.
Valves 1 and 2 were opened, and hydrogen was admitted and displaced the
water in the graduated cylinder. Valve 1 was closed, valve 3 was
carefully opened, and hydrogen was removed by the aspirator. The system
was perged again with hydrogen. The system was then filled with
hydrogen, and valve 1 was closed. The reaction chamber was filled with
hydrogen and the catalyst was loaded with hydrogen by opening valve ^.
When the consumption of hydrogen stopped, valve 4 was closed, and the
system was evacuated and filled again with hydrogen. Valve 1 was
closed, valve 4 was opened, valve 5 was vented, and the aspirator was
turned off during the hydrogenolysis. The consumption of hydrogen was
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Figure 36. Hydrogenolysis Apparatus
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monitored by water displacement. When no more hydrogen was being
consumed, the entire system was evacuated using the aspirator. Valve 2
was closed after the water had filled the graduated cylinder. After
about two minutes of degassing, the system was vented by turning valve
5, the reaction flask was removed, and the reaction mixture was worked-
up. Note: The float valve was incorporated into the design of this
hydrogenolysis apparatus so that water would never be accidentally
sucked into the reaction flask either by the aspirator or by a reaction
left unattended.
22. Copolymerization of Ethyl and Benzyl (R)-Malolactonate
9.20 grams (63.9 mmol) of freshly distilled ethyl (R)-malolactonate
and 3-50 grams (17.0 mmol) of freshly distilled benzyl (R)-malolactonate
were injected into a polymerization tube containing 10 milligrams
(0.040 mmol) of tetraethylammoni um benzoate and a magnetic stir bar.
The monomer feed composition was 80 mole % ethyl (R)-malolactonate and
20 mole % benzyl (R)-malolactonate. The monomers were mixed on a vortex
genie, the tube was attached to a vacuum line, and the mixture was
degassed for 10 minutes. The tube was frozen in a liquid nitrogen bath
and sealed with a torch under vacuum. The contents of the tube were
allowed to thaw, and then, the tube was wrapped in heavy-duty aluminium
foil and placed in an oil bath at 60*^C. After 7 days, the tube was
broken, and the polymer was dissolved in 120 mL of refluxing dioxane,
filtered to remove seme pieces of glass, and added dropwise into 1200 mL
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of 50::50 (v/v) ether and hexane solution with stirring. The polymer
was rubbery and adhered to the wall of the beaker. The solvent was
decanted off, and the product was dried in vacuo at room temperature for
6 hours. 10.5 grams of copolymer were isolated (83? yield). IR
Spectrum 1 9 : 1 750 cm"^ cm (C=0 stretch); 1280 cm"\ 1160 cm'\ and
1050 cm ^ (C-0 stretch); 700 cm ^ (phenyl ring bending); thin film cast
from a chloroform solution onto a KBr plate. 300 MHz NMR Spectrum #
20: (a) 61 .15-1.35 broad singlet (methyl); (b) 62.85-3. 12 broad singlet
(methylene of the polymer); (?) 63.69 s; (c) 64.08-4.30 broad singlet
(methylene of the ethyl group); (d) 65.09-5.25 broad singlet (methylene
of the benzyl group); (e) 65. 41-5.65 broad singlet (methine); (f) 67.24-
7.42 broad singlet (phenyl); 5 wt. % solution in deuterated chloroform.
By integrating the methylene groups of the pendent ethyl and benzyl
esters, a copolymer composition of 76 mole % ethyl (S)-malate and 24
mole % benzyl (S)-malate was calculated. Note that spin-spin coupling
was not observed In the signals of the ethyl group. 70.4 MHz ^^C{^H}
NMR Spectrum # 11: (a) 168.1, (b) 168.0, (c) 167.8, (d) 135.2, (e)
128.7, (f) 128.5, (g) 128.2, (h) 68.7. (i) 67-6, (j) 67.1, (k) 61.9, (1)
35.7, (m) 14.0, 10 wt. % solution in deuterated chloroform.
23. Hydrogenolysis of Poly[ethyl-co-benzyl (S)-malate]
5.0 grams of copolymer (7.6 mmol benzyl esters) were dissolved into
50 mL of ethyl acetate and then diluted with 25 mL of 95$ ethanol in a
250 mL round bottom flask containing a magnetic stir bar. 2.0 grams of
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10 weight % palladium (1.9 mmol palladium) on activated carbon were
added. The flask was attached to the hydrogenolysis apparatus, the
suspension was stirred, and hydrogen was admitted. After 2 hours, no
more hydrogen was being consumed, so the palladium catalyst was removed
by suction filtration through celite. The filtrate was centrifuged for
one hour to remove some fine carbon powder, decanted into a separatory
funnel, and then added dropwise into 750 mL of 50::50 (v/v) ether and
hexane with stirring. The polymer was isolated by suction filtration
and dried in vacuo at room temperature for ^ hours. 1.9 grams of
polymer were isolated as a white powder. IR Spectrum # 20: 32^0 cm ^
(OH stretch— hydrogen bonded); 1740 cm ^ (ester C=0 stretch); 1 600 cm ^
(carboxyl C»0 stretch—hydrogen bonded); 1260 cm \ 1140 cm \ and 1030
cm ^ (C-0 stretch); thin film cast frcm a chloroform solution onto a KBr
plate. 300 MHz ^H NMR Spectrum #21: (a) 61 .20-1.32 triplet, J= 7.2
Hz (methyl); (b) 62.88-3.12 broad singlet (methylene of the polymer);
(c) 64.15-4.30 quartet, J = 6.8 Hz (methylene of the ethyl group); (d)
65.45-5.60 broad singlet (methine); (e) 66.1-6.4 broad singlet
(carboxylic acid); 5 wt . % solution in deuterated chloroform. In
contrast to poly[ethyl-co-benzyl (S)-malate], note that spin-spin
coupling was observed in the signals of the ethyl group and that the
coupling constants were almost the same as those in poly[ethyl (S)-
malate]. 70.4 MHz ^^C{^H} NMR Spectrum # 12: (a) 168.3-168.0 broad
singlet, (b) 68.7, (c) 61.9, (d) 35.7, (e) 14.0, 10 wt. % solution in
deuterated chloroform.
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2i*. (S)-O-Trifluoroacetylmallc Anhydride
10.0 grams (74.6 mmol) of powdered (S)-(-)-malic acid were placed
into a 100 mL round bottom flask containing a magnetic stir bar. The
flask was chilled in an ice bath, and a 100 mL pressure equalizing
addition funnel filled with 40 mL (284 mmol) of tr i f 1 uor oacet i
c
anhydride was attached. The entire system was purged with dry argon.
Trifluoroacetic anhydride was then added rapidly with stirring under dry
argon. An inert atmosphere was maintained over the reaction mixture by
a ballon filled with dry argon as previously described in the synthesis
of (S)-O-mesylmalic anhydride. The (S)- (- )-mal ic acid reacted and
dissolved into the reaction solution usually within ten minutes,
although the dissolution time varied from batch to batch. When the
reaction was slow, the ice bath was removed temporarily until the (S)-
malic acid started to react and dissolve. It was also observed that the
rate of reaction and dissolution increased as the moisture content of
the (S)-(-)-malic acid increased. The solution was stirred for one hour
at O^C, after which the volatile materials were removed by evaporation,
and a white solid was obtained. The crude anhydride was recrystallized
from 160 mL of 50::50 (v/v) hot benzene and chloroform. After some
crystals had formed, the flask was placed in the refrigerator overnight.
The product was isolated by suction filtration, washed once with 25 mL
of cold carbon tetrachlorider and dried under parafilm in the Buchner
funnel for 10 minutes. 13.5 grams of (S)-O-trif luoroacetylmalic
anhydride were isolated as colorless needle crystals (85 % yield). This
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reaction was easily scaled up, MP = 80-83°C. Elemental Analysis:
Theoretical: 3^.0^0, l.il2?H, 26,9?F; Found: 33.9%C, 1.35JH, 26.3JF.
24 o
Ca]j^ = - 33 (c = 13.1 g/100 mL, tetrahydrof uran) . IR Spectrum #17:
1870 cm ^ (shoulder, antisym. anhydride C*0 stretch and trifluoroacetate
C=0 stretch); 1800 cm ^ (sym. anhydride C=0 stretch); 12^0 cm"^ and 1150
cm"^ (C-0 and C-F stretches); KBr pellet. 300 MHz NMR Spectrum # 6:
(a) 63.53-3.75 doublet of quartets (2H)
,
=19 Hz, A6,„ = 33 Hz,
' Ad ' Ad
J^^ =11 Hz, Jg^ = -8 Hz; (b) 66, 30-6.36 quartet (2H); 5 wt . ? solution
1 9in deuterated acetone. 121.6 MHz F NMR Spectrum: 61.30 singlet
downfield from an external standard of 0.5 % (v/v) of aqueous
trifluoroacetic acid, 5 wt. !t solution in deuterated acetone.
25. Optical Purity
Tri3[3-(hept af 1 uor obut yr yl ) - ( + ) - camphor at o]euro pi um ( 1 1 1) ,
EuChfbc)^* was purchased from Aldrich Chemical and used without
purification.
A stock solution of Eu(hfbc)^ was prepared by dissolving 275
milligrams (0.23 mmol ) into 4.50 mL of spectroscopic grade carbon
tetrachloride and 0.50 mL of deuterated benzene. The deuterated benzene
contained 1 % (v/v) tetramethylsilane and was used to spin lock the
instrument. Samples were prepared by dissolving either 42 milligrams
(0.32 mmol) of methyl malolactonate or 39 milligrams (0.19 mmol) of
benzyl malolactonate into 1 mL of this stock solution [55 milligrams
(0.046 mmol) of Eu(hfbc)^]. The procedure was identical for both the
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racemic and optically active alkyl malolactonates , and the 300 MHz
NMR spectra were recorded immediately after dissolution. The chiral
europium shift reagent, EuChfbc)^, interacted with the racemic methyl
malolactonate and split the methyl ester singlet into two distinct peaks
separated by 15 Hz, while under the identical conditions, the optically
active methyl (R )-malolactonate showed no splitting. Similarly,
Eu(hfbc)^ interacted with the racemic benzyl malolactonate and split the
methylene singlet of the benzyl group into two distinct peaks separated
by 30 Hz, while under the same conditions, the optically active benzyl
(R )-malolactonate showed no splitting. Based on this data, the
optically active alkyl (R )-malolactonates were determined to be
optically pure within experimental error. The experimental error was
calculated from the integration error observed for the racemic monomer
and was found to be 3 In both racemic mixtures, the upfield signal
was identified as the (R) enantiomer by mixing the racemic and optical
pure samples together and observing which peak grew in size.
26. Charact er 1 zat i on
Melting points were determined on a capillary tube apparatus and
were un cor r e ct ed . Element al anal ys es wer e performed by t he
Microanalysis Laboratory of the University of Massachusetts. The
specific rotations were measured on a Kern polarimeter at ambient
temperature using a sodium lamp and a sample tube of one decimeter.
Infrared spectra were recorded on a Perkin-Elmer 1312 spectrometer, and
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ultraviolet spectra were recorded on a Beckmann DU-7 spectrometer. 300
MHz NMR spectra were recorded on a Varian XL-3OO using
tetramethylsilane as an internal standard. 70.4 MHz ''^Cf^H} NMR spectra
were also recorded on a Varian XL-3OO, and 50.3 MHz ^^C{^H} NMR spectra
were recorded on a Varian XL-200 using tetramethylsilane as an internal
1 9
standard. 121.6 MHZ F NMR spectra were recorded o a Varian XL-3OO
using 0.5 % (v/v) aqueous trifluoroacetic acid as an external standard.
The mol ecul ar wei ghts of these pol ymers were determined by gel
permeation chromatography using a Waters Liquid Chromatograph Model 201
6 5 U 3 0
with ul trastryagel columns (10, 10^ 10, 10, 500 S) in chloroform at
a flow rate of 1.50 mL/min. The chromatograph was calibrated with
pol ys tyr ene s t an dar ds . The thermal analysi s of the pol ymers was
obtained on a Perkin-Elmer DSC-4 at a heating rate of 20*^C/min. The
instrument was calibrated with naphthalene and indium. The melting
transitions reported in this section were obtained on the first heating
scan and were independent of the molecular wei^t of the polymer.
27. ABX Spin Analysis
All of these malic acid derivatives have an ABX spin ^system in
their proton NMR spectrum (1,2). The AS portion of an ABX spectrum is
usually composed of two overlapping quartets as shown in Figure 37.
The absolute value of the coupling constant is obtained from the
doublet spacing in both quartets. The distance between alternate peaks
in the quartets is equal to 2D^ or 2D^ where
13^
The distance between the midpoints of the quartets is equal to half the
sum of J^^ and Jg^^- The X portion of an ABX spectrum is usually
composed of six peaks centered at 6^ as shown in Figure 37. The
distance between the two tallest peaks is equal to the sum of J^^ and
Jo„, the distance between the outermost peaks is equal to twice the sumDA
of and D_, and the distance between the innermost peaks is equal to
twice the difference of and D_,
For the compounds with two completely resolved quartets, the values
of |J«dI , 2D , 2D , and J.„ + J^^ were calculated from the AB portion of
' Ab ' + ~ AX DA
the spectrum. Then, the two equations (2D^^_) were solved for the two
unknowns A6^g and J^^ - Jg^. The values of J^^ and J^^ were determined
by solving the sum and difference of J^^ and Jg^ simultaneously. The
values of IJ.^I and L6.^ were confirmed by a decoupling experiment which
' AB ' Ad
is described below.
For the compounds with a multiplet in the AB portion of the
spectrum, the ABX spectrum was converted into a AB spectrum by
decoupling the X proton from the A and B protons, and then, the values
of IJ.^I and were determined from the resulting AB spectrum. An AB
' AB' AB
spectrum is composed of four peaks as shown in Figure 37. The inner
peaks are more intense than the outer peaks. The |J^| is obtained from
the doublet spacing, and the A6^g is obtained from the following
equation
2D^
_/aB
I 1
2i)-
I I
Jam
-^S i(Ax+4x)
AB Part
ABX Spectrum
2(1)* +/)-)
2(i>* -/)-)
X Part
by dacoupling
the X proton
AB Spectrum
Figure 37. Peak Spacings for an
ABX Spectrum and for
an AB Spectrum
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rumwhere 2C is the distance between alternate peaks in the spect
B. Liposome Work
1 . Reagents
Acrylic acid, cholesterol, il-di met hyl ami no pyr i di ne , and N-
hydroxysuccinimide were purchased from Aldrich Chemical. Acrylic acid
was distilled under reduced pressure at 48*^C using an aspirator vacuum.
Cholesterol was recrystallized from a mixture methanol and chloroform,
it-dimethylaminopyridine was recrystallized from benzene, and N-
hydroxysucciniraide was used without purification. Azobisisobutyronitrile
was purchased from Fluka Chemical and recrystallized from ether.
Dipalmitoyl phosphatidyl glycerol
,
dipalmitoyl phosphatidyl choline, protein
gel filtration standards, and poly(L-glutamate) were purchased from
Sigma Chemical and used without purification, Coumarin 4 was purchased
frcoi Eastman Kodak and used without purification. Diptheria toxoid was
purchased from the Massachusetts Department of Public Health and
purified by dialysis. Dioxane was distilled from sodium benzophenone
ketyl under dry argon. Dimethylformami de was stirred over calcium
hydride for 12 hours and then distilled from bariim oxide under reduced
pressure at 45-50°C (ca. 30 torr). Water was distilled from potassiim
permagnate.
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2. Poly(acryllc acid)
30 mL (0.4^1 mol) of freshly distilled acrylic acid and 130 mL of
distilled dioxane were transferred into a 500 mL, three neck, round
bottom flask that was equipped with an overhead stirrer, thermometer,
and rubber septum. The solution was deoxygenated by bubbling dry argon
through the stirred solution and was heated to 55^C with a heating
mantle. Then, 55 milligrams (0,3^ mmol) of recrystallized
azobisisobutyronitrile was dissolved into 1 mL of dioxane and injected
into the reaction mixture. The temperature increased because of the
polymerization reaction and leveled off at 70*^C after about 25 minutes.
After h hours, the viscous reaction solution was transferred into a 250
mL separatory funnel and added dropwise into 1000 mL of ether with
stirring. The supernatent liquid was decanted off, and the polymer was
redissolved into 150 mL of methanol, filtered using a Buchner funnel,
and added dropwise into 1500 mL of ether with stirring. The polymer was
isolated by suction filtration, washed with 100 mL of ether, and dried
in vacuo at 70^C for 6 hours. 25 grams of poly(acrylic acid) were
obtained (79 % yield). Elemental Analysis: Theoretical: 50.0$C,
5.56JH. Found: 50.0?C, 5.9^?H. n^^^ = 2.2 dL/g [c - 0.2 % (w/v) in
dimethylformamide at 30*^0]. The molecular weight was determined by gel
permeation chromatography in 90 % (v/v) aqueous tetrahydrof uran using
polystyrene standards. M - 50,000, M « 66,000, M /M « 1.3. The
n w w n
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molecular weight was reduced by using more azobisisobutyronitrile (0.1-
I. 0 mole percent) as the initiator and/or by using some n-butyl
mercaptan (0-1.0 mole percent) as a chain transfer agent.
3. Cholesterol
75 grams (0.19 mol) of cholesterol were dissolved into a mixture of
500 mL of methanol and 150 mL of chloroform with heating. The hot
solution was gravity filtered into a one liter Erlenmeyer flask and
allowed to stand at room temperature for 2 hours and then at 5^C for
another 2 hours. Needle crystals of cholesterol were collected by
suction filtration, washed with 50 mL of cold methanol, and dried in
vacuo at room temperature for 4 hours. 64 grams of cholesterol were
isolated (86 % yield). Elemental Analysis: Theoretical: 83. 751C,
II. 9JH. Found: 83.5?C, 12.0$H.
4. ^'^D Imethyl ami nopyr i di ne
100 grams (0.82 mol) of 4-dimethylaminopyridine were dissolved into
300 mL of hot benzene, gravity filtered into a 500 mL Erlenmeyer flask,
allowed to stand at room temperature for 2 hours and then at 5°C for
another 2 hours. Tan platlets of 4-dimethyl ami nopyri dine were collected
by suction filtration, washed with 25 mL of cold benzene, and dried in
vacuo at room temperature for 4 hours. 65 grams of product were
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isolated (65 % yielcj). Elemental Analysis: Theoretical: 68.9?C,
8.20JH, 23.0?N. Found: 68.9JC, 22.7?N.
5. D 1cycl ohexyl carbodilml de
Dicyclohexylcarbodiimide was vacuum distilled. The middle fraction
was collected at 85-87^C (0.01 torr). Dicyclohexylcarbodiimide was
stored in the freezer at -15*^0 under dry argon. Elemental Analysis:
75.7JC, 10.75&H, 13.6?N. Found: 76.1itC, II.OJH, 13.6$N.
6. Coupling Cholesterol to Poly(acryllc acid)
^i.MS grams (62.2 mmol) of poly(acrylic acid), 41.5 milligrams (0.3^1
mmol) of recrystallized 4-dimethylaminopyri dine, and 2.66 grams (6.87
mmol) of recrystallized cholesterol were placed into a 250 mL round
bottom flask containing a magnetic stir bar. A rubber septum was
inserted and wired down. 75 mL of distilled dimethylformamide were
transferred into the flask under dry argon. The mixture was stirred
until everything had dissolved. Then, 0.657 grams (3.19 mmol) of
distilled dicyclohexylcarbodiimide were dissolved Into 10 mL of
dimethylformamide and Injected into the reaction mixture.
Dlcyclohexylurea started to crystallize out of solution after 30
minutes. M-Dlmethylamlnopyrldine was used as a nucleophilic catalyst.
o
After about 24 hours, the solution was chilled in the freezer at -15 C
for several hours, and then, the dlcyclohexylurea was removed by suction
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filtration. The filtercake was washed with 5-10 mL of methanol. The
filtrate was transferred into a 250 mL separatory funnel and added
dropwise into 900 mL of chloroform with stirring to remove the excess
cholesterol. The polymer was isolated by suction filtration, washed
with 50 mL of ether, redissolved into 60 mL of methanol, suction
filtered using a Buchner funnel, and added dropwise into 700 mL of ether
with stirring. The cloudy supernatent liquid was decanted, and the
polymer was dried in vacuo at 50*^C for 12 hours. 3-^0 grams of polymer
were isolated. No free cholesterol was detected in the product by thin
layer chromatography (silica gel, chloroform),
^j^^yi
^ dL/g [c = 0.2
% (w/v) in dimethylformamide at 30^C].
7. Coupling Cholesterol to PolyCL-glutamic acid)
1.00 gram of poly(L-glutamate) -= 47,000 was dissolved into 20 mL
of distilled water and slowly acidified with concentrated hydrochloric
acid with stirring. Poly(L-glutamic acid) precipitated out of solution
as a fine white powder. The final pH was 2.0. The suspension was
allowed to agglutinate and settle in the refrigerator. After about 6
hours, the polymer was isolated by suction filtration, washed with 25 mL
of methanol, and dried in vacuo at 50^C for 4 hours. 0.84 grams of
poly(L-glutamic acid) were obtained.
0.84 grams (6.5 mmol repeating units) of poly(L-glutamic acid),
0.30 grams (0.78 mmol) of recrystallized cholesterol, and 4.5 milligrams
(37 vimol) of recrystallized 4-dimethylaminopyridine were placed into a
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100 mL round bottom flask containing a magnetic stir bar. A rubber
septum was inserted and wired down. 25 mL of distilled
dimethylformamide was transferred into the flask under dry argon, and
the mixture was stirred until everything had dissolved. Then, 8?
milligrams (0.42 mmol ) of distilled di cycl ohexyl car bodi imi de were
dissolved into 10 mL of dimethylformamide and injected into the reaction
mixture. After 24 hours, the solution was chilled in the freezer for 2
hours and then filtered to remove some small particles of
di cycl ohexyl urea. The filtrate was transferred into a 250 mL separatory
funnel and added dropwise into 250 mL of chloroform with stirring. The
polymer was allowed to settle overnight and then isolated by suction
filtration using a fritted glass funnel and washed with 10 mL of
chloroform. The polymer was redissolved into 20 mL of dimethylformamide
and added dropwise into 200 mL of ether with stirring. The polymer was
allowed to settle, isolated by suction filtration, and dried in vacuo at
room temperature for 10 hours. The polymer was dissolved into 20 raL of
a 0.50 M sodiim hydroxide solution, and the aqueous solution was suction
filtered and transferred into cellulose dialysis tubing (molecular
weight cutoff = 1000 daltons). The tube was dialyzed against 1800 mL of
distilled water pH « 7.0 in a two liter Erlenmeyer flask for three days
with stirring. The water was changed twice daily. The aqueous polymer
solution (pH = 7.0) was then freeze-dried. 0.62 grams of polymer were
isolated. No free cholesterol was detected in the product by thin layer
chromatography (silica gel, chloroform).
1 ^2
8* Coupling N-Hydroxysucclnlmlde and Coumarln H to Poly(acryllc acid)
Diptheria toxoid, a protein antigen, was chemically bound to
poly(acrylic acid) by using pendent N-hydroxysuccinimide active esters
as the coupling agents. The coupling reaction was carried out in
aqueous sodium bicarbonate. The polymer was also labelled with a
fluorescent dye, coumarin 4, so that the polymer could be detected in
vitro and in vivo at low concentrations by fluorescence spectroscopy.
The procedure is shown in Figure 38. N-Hydroxysucciniraide and coumarin
4 were first attached to poly(acrylic acid) using
dicyclohexylcarbodiimide as the coupling agent, and then, the resulting
copolymer was used to bind the diptheria toxoid in aqueous solution.
This protein coupling method could also be used with different proteins
and/ or with different polymers.
2.90 grams (40.3 mmol repeating units) of polyCacrylic acid), 1.30
grams (11.3 mmol) of N-hydroxysuccinimide, 94.0 milligrams (0.534 mmol)
of coumarin 4, and 15.0 milligrams (0.123 mmol) of 4-
dimethylaminopyrldine were placed into a 100 mL round bottom flask
containing a magnetic stir bar. A rubber septum was inserted and wired
down. 30 mL of distilled di methyl formamide were transferred into the
flask under dry argon. The mixture was stirred until everything had
dissolved. Then, 2.70 grams (13-1 mmol) of distilled
dicyclohexylcarbodiimide were dissolved into 10 mL of dimethylformami de
and injected into the reaction mixture. Dicyclohexylurea started to
crystallize out of solution after 3 minutes. After 20 hours, the
ICOjH
HO
HO
DCC
DMAP
DMF
r.t.
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Figure 38. Coupling Diptheria Toxoid to
Poly[acrylic acid] Bearing Pendent
N-Hydroxysuccinimide Active Esters
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reaction mixture was chilled in the freezer for five hours, and then,
the dicyclohexylurea was removed by suction filtration. The f iltercake
was washed with 5 mL of dimethylformamide, and the filtrate was added
dropwise into 360 mL of chloroform with stirring. The dicyclohexylurea
was washed with 50 mL of ether and dried in vacuo at room temperature
for 5 hours. 2.90 grams (12.9 mmol ) of dicyclohexylurea were isolated.
The polymer was allowed to settle, isolated by suction filtration, and
washed with 20 mL of ether. The polymer was redissolved into 30 mL of
dimethylformamide and added dropwise into 300 mL of ether with stirring.
The polymer was isolated by suction filtration and dried in vacuo at
room temperature for 6 hours. 2.00 grams of copolymer were isolated.
The copolymer dissolved into aqueous sodium bicarbonate, and the
resulting solution fluoresced blue under ultraviolet radiation from a
small ultraviolet lamp (A = 366 nm). Elemental Analysis (neglecting the
coumarin dye and polymer fractionation): Theoretical: 49 . 856c, 4.69JH,
5-04JN; Found: 50.5$C, 6.41JH, 5.77JN.
9- Coupling Diptheria Toxoid to Poly(acryllo acid)
The commerical diptheria toxoid solution was transferred into
cellulose dialysis tubing and dialyzed against a 0.10 M sodium
bicarbonate solution for 24 hours (molecular weight cutoff » 1 0,000).
The buffer was changed every 6-8 hours. The concentration of the
diptheria toxoid was determined by ultraviolet spectroscopy. The
1 iJ5
absorbance at 280 nm was equal to the concentration of the protein in
milligrams per mL.
139 milligrams of copolymer (M^ = 7,000) and 1^0 milligrams of
sodium bicarbonate were dissolved into ^,0 mL of a 0.10 M sodium
bicarbonate solution with stirring. 1.0 mL of purified diptheria toxoid
solution (c = 3-0 mg/mL, molecular weight = 62,000) was added to the
reaction mixture and stirred at 5^C for 6 hours. Then, the reaction
mixture was transferred into cellulose dialysis tubing (molecular weight
cutoff = 1000 daltons) and dialyzed against one liter of a 0.10 M sodium
bicarbonate solution for 2k hours with stirring. The buffer was changed
every 6-8 hours. 1.0 mL of the dialyzed reaction mixture was passed
over a Sepharose CL-6B colunn (diameter - 1 cm, length = 30 cm) that had
been calbribrated with protein standards. 0.50 mL elution fractions were
collected, and their fluorescence was measured. The fluorescence
spectra were recorded on a Perkin Elmer Model 650-lOS Fluorescence
Spectrophotometer at a scanning rate of 30 nm/min (X^^ - 290 nm, =
350-520 nm). The protein- polymer complex was detected just after the
void volune of the colunn by plotting the fluorescence intensity versus
elution volune (molecular wei^t = 400,000).
Diptheria toxoid might also be attached to a polymer in an inert
organic solvent using dicyclohexylcarbodiimide as the coupling agent if
the diptheria toxoid could be freeze-dried and dissolved into the inert
organic solvent without the lost of any biological activity. This
procedure may work better than the aqueous coupling of the diptheria
toxoid to a polyacid bearing pendent N-hydroxysuccinimide active esters.
\
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1 0. Liposome Preparation
10.0 grams of phospholipid were placed into a 25 mL round bottom
flask and dissolved into 1 mL of chloroform. The chloroform was ronoved
on the rotary evaporator leaving behind a thin lipid film. The lipid
film was dried in vacuo for 30 minutes to remove any residual
chloroform. 10.0 mL of polymer solution, prepared by dissolving 10.0
milligrams of polymer into 10.0 mL of 50 mM Tris-HCl buffer pH = 8.00,
were added. If the polymer was insoluble in the buffer solution, then
it was added with the phospholipid and incorporated into the lipid-
polymer film. The lipid film usually pealed away from the wall of the
flask and floated around in the polymer solution. The lipid suspension
was placed into a hot water bath until the temperature was 55^C, and
then, it was mixed on a vortex genie for 2 minutes. The lipid
suspensions were allowed to cool down to room temperature before
analysis.
11. Hlgh-Sensltivlty Differential Scanning Calorlmetry
Calorimetric scans were recorded on a Microcal MC-1 scanning
microcalorimeter at a heating rate of 15*^C per hour. Samples were
degassed for 10 minutes before being injected into the calorimeter. The
lipid and polymer concentrations were always 1.0 milligram per mL. The
pH was changed by the addition of concentrated hydrochloric acid. The
lipid suspensions were reheated on a hot water bath to 55*^C and remixed
1 47
on a vortex genie for 2 minutes after the addition of concentrated
hydrochloric acid. The lipid suspensions were allowed to cool down to
room temf)erature, and the pH was measured again.
Footnotes
1. J.B. Lambert, H, F. Shurvell, L. Verbit, R.G. Cooks, and G.H. Stout,
Organi c Structural Analysi s , MacMillan Publ. Comp., N.Y., 1976.
Equation 4-24 in Chapter 4 is missing a squared sign. J^^ should
2
be J«„ in the formula.
AB
2. E.W. Garbisch, J. Chem, Ed. 45 311 , 402, and 480 (1968).
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